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HE SYNTHESIS, PURIFICATION, AND CERTAIN PHYSI- 
CAL CONSTANTS OF THE NORMAL HYDROCARBONS 
FROM PENTANE TO DODECANE, OF n-AMYL BROMIDE 
AND OF n-NONYL BROMIDE! 


By B. J. Mair 


ABSTRACT 


The normal paraffin hydrocarbons from pentane to dodecane, n-amyl bromide 
and n-nonyl bromide have been synthesized and prepared in very pure condition. 
The boiling points, freezing points, and refractive indices (N%) of these 
mpounds have been measured and the values compared with those obtained by 
ther investigators on hydrocarbons isolated from petroleum. Two crystalline 
modifications of n-nonyl bromide freezing at —29.06° and —30.71° C., respectively, 
were discovered. 
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I. INTRODUCTION 


_ An investigation on the electrical properties of insulating liquids 
i progress at this bureau necessitated the preparation of some very 
pure hydrocarbons. The normal paraffin hydrocarbons were selected 
recause the resistivities of liquids in this series are among the highest 
kuown, and because an interpretation of the electrical properties of 
iquids in terms of molecular structure should be more readily accom- 
plished with their simple molecules than with molecules of more 
omplex structure. All the members of this series from pentane to 
ddecane were prepared, An examination of the literature when this 
Work was begun showed that many of the physical properties of these 
ubstances were not well established. Recently, however, Shepard, 
Henne, and Midgley (1) ? isolated these hydrocarbons in a high degree 








‘ This work is part of an investigation on the electrical properties of insulating liquids which is being carried 

fin cooperation with the Utilities Research Commission (Inc.), Chicago, Ill 

‘The figures in parentheses here and throughout the text relate to the bibliography at the end of this 
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of purity from petroleum, and have published values for their physica| 
constants which, in general, are in satisfactory agreement with tho 
obtained in this investigation. Since, however, the hydrocarbon 
obtained in this work were prepared synthetically, a brief descriptioy 
of the methods and a comparison of the values obtained for the phys. 
cal constants with those of Shepard, Henne, and Midgley (1) seen; 
desirable. 

In addition to the hydrocarbons, two of the intermediates in thei 
preparation, n-amyl bromide and n-nonyl bromide, were obtained in, 
pure condition and certain of their physical constants measured 
Nonyl bromide in particular proved interesting since it was found ty 
exist in two crystalline modifications, a fact not previously recorded, 


II. METHODS 


= 


The methods used in the purification, in the determination 0 
purity, and in the measurement of the physical constants were similar 
for all the hydrocarbons and are referred to frequently in discussing 
the individual substances. It is therefore advisable to describe 
these methods briefly at this point before proceeding to a mor 
detailed description of the individual syntheses and purifications. 


1. PURIFICATION 


The physical methods employed were fractional distillation and 
fractional crystallization. Apparatus and methods for efficiently 
pursuing these processes have been developed in this bureau, and were 
used with only minor modifications. The liquids were distilled 
through a 10-plate bubble cap fractionating column (2, 3) fitted with 
a variable reflux regulator of the type described by Marshall (4). 
The reflux ratio during the final distillation was always greater than 
10:1. The distillation range was read on a thermometer extending 
into the vapor from the top of the column. The method employed in 
fractional crystallization (5) was to transfer the frozen material to a 
vacuum funnel, stir it to a mush, and draw off the mother liquor with 
suction. For the liquids whose freezing points were higher than that 
of decane, melting took place so slowly that a vacuum funnel was 
unnecessary. In the case of decane, the crystals were separated 
from the mother liquor in a centrifuge designed for use at low tempers- 
tures by Hicks-Bruun and Bruun (6). 


2. FREEZING POINT DETERMINATIONS 


The freezing point determinations were made with a glass-incased, 
25.5 ohm (at the ice point), potential terminal, platinum resistance 
thermometer of the strain-free type, using as accessories a Mueller 
thermometer bridge and commutator. The taermometer was 
calibrated by the heat division of this bureau. 

The sample was contained in a double-walled Pyrex tube. By 
varying the air pressure in the annular space of this double walled 
tube, any desired rate of cooling could be obtained. This vessel was 
about 11 inches in length and was filled to a depth of 8% inches with 
the liquid in question. With the thermometer in place, the liquid 
extended 4 inches above the resistance coil. The liquid could be 
stirred vigorously by means of a spiral of nickel chromium wire which 
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-rrounded the thermometer. After the sample (about 70 ml) had 
heen introduced and the thermometer and stirrer adjusted in place, a 
hin brass tube (as a safety measure) was fitted over the vessel, which 
vas then immersed in liquid air. Freezing took place from the walls 
oward the center. Stirring was possible until the sample was about 
alf frozen. A change in the slope of the cooling curve was noticed 
(particularly if the sample was impure) as soon as stirring stopped. 
his may be explained on the supposition that equilibrium conditions 
vere no longer maintained, and the impurities crystallized simul- 
aneously with the pure substance. The freezing point of any liquid 
yas taken as the temperature at which the cooling curve (figs. 2 to 11) 
came approximately horizontal. The principal criterion of purity 
vas the slope of this approximately horizontal portion of the freezing 
point curve. 

Considerable precision was attained with these arrangements. 
Duplicate experiments were made with hexane, octane, decane, and 
odecane, and in no instance was a variation greater than 0.002° C. 
sinoggmn the freezing point obtained. 

ribo An examination was made of the thermometric technique in order 
aoriamto determine how accurately the measured temperatures agreed with 
he international scale of temperature. The question of conduction 
hrough the leads was studied by varying the height of the liquid 
ubove the resistance coil. Determinations of the freezing point of 
iexane in which this height was varied from 5 to 2 inches agreed 
vithin 0.001° C., and indicated that with the apparatus in question 
this effect was negligible. For the thermometer regularly used, the 
values of the constants given by the heat division of this bureau 
permitted the calculation of the temperature with an accuracy of 
02°C. In order to obtain a further test on the accuracy of this 
tharmometer and accessories, freezing-point determinations were 


ed, 


n of 
nilar 


(4). 


han fmade on two samples, using the equipment of the low-temperature 
ling Mlaboratory of this bureau, with the assistance of R. B. Scott. The 


dinfMivalues —56.82° and —95.36° C. obtained on samples of octane and 
(0 &M@hexane with the equipment of the low-temperature laboratory com- 
vith Mipare well with the values —56.82° and —95.37°C., which had been 
‘hat Mobtained on these samples with the regular equipment. Thus with 
WiSiitwo different thermometers, bridges, and operators the maximum 
ited HAdiscrepancy was 0.01° C. It seems reasonable to conclude that the 
eri Mthermometric measurements do not differ from the international 
scale by more than +0.02° C. 


3. BOILING-POINT DETERMINATIONS 


~The boiling points were determined with the aid of a platinum 
he Mresistance thermometer in the apparatus shown in Figure 1. Vapor 
ller kiven off from the boiling liquid in the flask had, first, to pass through 
wasiquid in the bubble cap before reaching the thermometer, thus 
preventing superheating. The outer jacket was electrically heated 


By uliciently to permit the liquids with high boiling points to distill 
lea ver, but was always kept somewhat below the boiling temperature. 
, i About half of the 50 ml sample was distilled over during a boiling-point 
it i determination. ‘The temperature generally rose less than 0.01° C. 
We ‘xcept during the distillation of the first few milliliters when the 


oh thermometer was warming up. Barometric pressures within 0.02 
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nm were obtained immediately before and after the boiling-point 
rading from the aeronautic-instruments section of this bureau. 
The boiling points of the hydrocarbons were corrected to 760 mm 
with the aid of the values given by Shepard, Midgley, and Henne (1) 


or ie the rate of change of boiling point with change of pressure. 


for n-amyl bromide several boiling-point determinations in the 


—. 









wd dt ’ ba 
vicinity of 760 mm were used to compute ee Duplicate boiling- 
point determinations were made in most cases and agreed within 


01° C. 
4. REFRACTIVE INDEX DETERMINATIONS 






































Refractive indices were measured by L. W. Tilton, of the optical 
instruments section of this bureau, with three different Abbe refrac- 
meters. Each was calibrated with distilled water and with several 
prismatic standards of refractivity whose indices had been previously 
measured on a spectrometer by the method of minimum deviation (7). 
The observations on these liquids were made at water jacket temper- 
atures of 25° C. in a room the temperature of which was between 
3° and 24° C. On each instrument two series of measurements were 
nade in which the liquids were sampled in the direct and also in the 
reverse order of their optical densities. Each of these samplings con- 
isted of two successive applications of liquid to the refractometer 
block by means of a clean glass rod, and the instruments were set 
and read twice after each application. 

The precision of these refractive index readings is characterized 
by probable errors of a few units in the fifth decimal place. _ With 
instruments so calibrated an accuracy of +5 x 107° 1s attainable 
when using solid samples. With liquids, however, the accuracy may 
be affected by contamination of the small samples when they come in 
contact with the cement which holds the refractometer block in its 
water jacket. Also, the high volatility of some of the samples of 
lower index causes them to cool appreciably and, perhaps, to maintain 

i temperature lower than that indicated by the thermometer which is 
immersed i in the jacketing stream. In accord with this supposition 
the results on the different refractometers do not agree as well for the 
liquids having the lower indices. In no case, however, does the index 
is determined by any one refractometer depart from the mean 
reorded in Table 1 by more than +12 x 10-°, the average of such 
departures being +3 X 107°. 


III. SYNTHESIS AND PURIFICATION 


The synthesis and purification of the hydrocarbons and some of 
their intermediate products are described in the following paragraphs. 


1. n-PENTANE 


The Sharples Solvent Corporation, of Philadelphia, kindly supplied 
i gallon of amyl alcohol for this preparation. This material was 
stated by them to be a mixture of 2-pentanol and 3-pentanol with not 
nore than 1 per cent of tertiary amyl alcohol and possibly a trace of 
lamylene. Fractional distillation yielded a large middle fraction 
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boiling between 116.4° and 118.4° C., which was, undoubtedly 
mixture of 2 and 3 pentanol. Both of these substances on dehydry 
tion and subsequent hydrogenation yield n-pentane. The dehydra 
tion was performed with the use of sulphuric acid exactly as describe 
in Organic Syntheses (8). The pentenes thus obtained were fraction 
ated and the portion which distilled between 35:8° and 36.4° C, wa 
retained. The pentenes were then hydrogenated by passage throug 
a reaction tube filled with nickel catalyst maintained at 140° ( 
Practically complete reduction took place in one passage. The re 
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FIGURE 2.-—n-pentane cooling curve 


sulting pentane was shaken three times with concentrated sulphun 
acid, then washed twice with a 10 per cent solution of sodium car 
bonate, and finally with water. After drying with calcium chloride 
the pentane was fractionally distilled three times. About 750 m 
boiling over a range of 0.03° C. was collected as pure material. A 
examination of the freezing point curve (fig. 2) indicates the high 
purity of the sample. The material froze between — 129.735° and 
— 129.761° C., a range of 0.026° C. 


2. n-HEXANE 


The starting material in this synthesis was n-propyl alcohol. | 
was converted into the bromide by the hydrobromic-sulphuric acid 
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FiaurEe 3.—n-hezane cooling curves 


method (9). The bromide was then converted into hexane by treal 
ment with sodium shot, using the method employed by Faillebin (10 
The last traces of n-propyl bromide were removed by refluxing th 
crude hexane with liquid sodium potassium alloy for four hours. Th 
hexane was then shaken with cold concentrated sulphuric acid unt 
the acid layer was colorless, then shaken with a 10 per cent solutio! 
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f sodium carbonate, then with water, and finally dried with anhy- 
rous calcium chloride. This material was fractionally distilled 
hrice, and 1,500 ml which distilled within 0.04° C., was obtained. 
t was collected in two nearly equal fractions which showed a pro- 
ounced difference in freezing behavior, although distilling within 
04° C. (Fig. 3.) The second fraction (Curve JJ) gave a more 
early horizontal. curve and froze 0.12° C. higher than the first 
raction. (Curve J/J.) A 400-ml portion of the “second fraction was 
tirred ‘with 175 ml of ¢hlorosulphonic acid at 45° C. for seven hours. 
This reagent has been reported as efficacious in the removal of 
yanch chain hydrocarbons (11, 12).) After washing thrice with a 
) per cent solution of sodium hydroxide and once with water, the 
ample was dried with calcium chloride and again distilled. The 
reezing range of this sample as shown in Curve J (—95.342° to 
-95.368° C.) was only 0.026° C., and indicated that the hexane was 
{high purity. 
3. n-HEPTANE 


Several liters of heptane, the original source of which was the 
Jeffrey pine, was furnished by Graham Edgar, of the Ethyl Gasoline 
orporation. ‘This material was of very high purity, as is illustrated 


ZZ 


/2 4 20 24 28 32 3%. FO 
TIME _(N SUNUTES 





Figure 4.—n-heptane cooling curves 


by its freezing behavior. , (Fig. 4, Curve JJ.) Vigorous treatment 
with chlorosulphonic acid and subsequent distillation raised the freez- 
ing point 0.008° C. Curve J illustrates the freezing behavior of the 
treated sample. This sample froze from —90.619° to —90.628° C., 
arange of only 0.009° C., indicative of exceptionally high purity. 
The same value, —90.62° C. , was obtained on a sample of heptane 
isolated from petroleum by Hicks-Bruun and Bruun (6). 


4. n-OCTANE 


The starting material in this synthesis was n-butyl alcohol. It was 
converted into the bromide by the hydrobromic-sulphuric acid 
method (9). The bromide was then converted into octane in a 
manner similar to that employed by Lewis, Hendricks, and Yohe (13). 
The procedure was as follows: Sodium in 73 g portions was converted 
0a finely divided shot by melting and shaking under xylene in a 
liter 3-necked Pyrex flask. The xylene was decanted and the 
wlium washed several times with anhydrous ether. It was then 
covered with 300 ml of anhydrous ether and the flask fitted with a 
dropping funnel, stirrer with mercur y seal, and reflux condenser with 
cium chloride tube. The flask was placed in an ice-water bath, 
ihe stirrer started, and 384 g of n-butyl bromide run in over a period 
of three hours. The excess sodium was destroyed by running water 
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into the mixture. The octane layer was drawn off, and the ether an 
octane separated by fractional distillation. The impure octane was 
then refluxed with a 10 per cent solution of sodium hydroxide jp 
alcohol for several hours to destroy any unconverted butyl] bromide 
Water was then added, and the octane separated from the aqueoys 
layer. It was shaken with cold concentrated sulphuric acid until 
the acid layer remained colorless; then shaken with a 10 per cen 
solution of sodium carbonate, then with water, and finally dried over 
calcium chloride. In this way 3,200 ml of crude material was pre. 
pared. It was fractionally distilled four times. At the end of this 
fractionation, 1,800 ml of material distilling within a range of 0.04° (. 
was obtained. This material was collected in two equal fractions 
which had the same freezing point. However, judging from the 
slope of the freezing-point curve (fig. 5, Curve J//), it was not yer 
pure. A sample further purified by three fractional crystallization; 
froze as shown in Curve JJ. This material, although freezing at ; 
higher temperature, still showed almost as great a freezing range. 
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Figure 5.—n-octane cooling curves 


Another sample was stirred with chlorosulphonic acid at 45° C. for 
seven hours and this treatment repeated with fresh chlorosulphonic 
acid three times. The octane was separated from the chlorosulphonic 
acid, washed with a 10 per cent solution of sodium hydroxide, then 
with water, dried over calcium chloride, and again fractionally dis- 
tilled. Asa result, 270 ml of material was obtained, freezing between 
—56.815° and —56.840° C., a range of 0.025° C., which indicates its 
high purity. 





5. n-NONANE AND n-NONYL-BROMIDE 


The starting materials in this synthesis were n-heptyl bromide and 
ethylene oxide obtained from Eastman Kodak Co. and from Carbide 
& Carbon Chemicals Corporation. From these n-nony] alcohol was 
prepared according to the following reactions: 


CH; (CH,); CH, Br + Mg —-—> CH; (CH,); CH; Mg Br 
CH; (CH:;); CH, Mg Br + CH, — CH,——> 
ratio 
H,O 


CH; (CH), CH, OMg Br ——> CH; (CH;), CH, OH 
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This method is exactly analogous to the preparation of n-hexyl 
lcohol from n-butyl bromide and ethylene oxide described in Organic 
vntheses (14). The n-nonyl alcohol was fractionally distilled under a 
ressure of 83 mm. From the original 1,000 g of n-heptyl bromide, 
545 ml of n-nonyl alcohol distilling between 143.7° and 144° C. was 
obtained. This purified aleohol was converted into n-nonyl bromide 
by the hydrobromic-sulphuric acid method (9). The resulting prod- 
uct was fractionally distilled at 83 mm and the material distilling 
between 144.55° and 144.60° C. used in the synthesis of n-nonane. 

The n-nonyl bromide was converted in the usual manner into 
nonyl magnesium bromide, which was then decomposed with ice and 
the nonane separated by steam distillation. It was then shaken in 
turn with concentrated sulphuric acid, 10 per cent sodium carbonate 
solution, dried over calcium chloride, and fractionally distilled once. 
A yield of 210 ml of n-nonane distilling within a range of 0.03° C. 
was obtained. The freezing behavior is shown in Figure 6. The 
freezing range from —53.700° to —53.754° C. was 0.054° C., which 
is somewhat greater than that obtained for the other hydrocarbons, 
indicating a less pure material. The freezing point, —53.70° C., is 
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Figure 6.—n-nonane cooling curve 


lower than the value —53.68° C. given by Shepard, Henne, and 
Midgley (1), and the value — 53.65° C. obtained on a sample of very 
pure nonane isolated by White and Rose (15) from petroleum. 

The behavior of n-nonyl bromide during its freezing point measure- 
ments indicated clearly that two crystalline modifications of this 
substance exist. Curve J (fig. 7) is a time temperature cooling curve 
obtained in the usual manner with stirring. The temperature, after 
remaining constant at —30.71° C. for about seven minutes, rose 
abruptly to —29.06° C., and again remained approximately constant 
forashort time. Simultaneously with this rapid temperature change, 
stirring became much easier. If the liquid was not stirred, crystal- 
lzation occurred at —30.71° C. without the appearance of the 6- 
modification. Curves JJ and JJ/ are heating curves, Curve JJ showing 
the behavior of a sample which had been frozen with stirring and in 
which the B-phase had made its appearance, while Curve I/J shows 
the behavior of a sample frozen without stirring in which the 6-phase 
iad not appeared. These curves show a difference in melting behav- 
lr and afford confirmation of the existence of two modifications. 
The freezing point of the a-modification is —30.71° C. The freezing 
point of the B-modification can not be stated so definitely, since it is 
possible that the approximately flat portion of the Curve (J) is caused 
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by, an equality between the loss of heat to the surroundings and the 
gain in heat caused by the transformation. The freezing point of the 
6-modification, however, can not be below —29.06° C., and Judging 
from the heating Curve (JJJ), it seems improbable that it can be 
appreciably higher. Moreover, in another time-temperature cooling 
experiment, a horizontal portion of the curve was obtained at — 29.06° 
C. Thus it seems probable that —29.06° C. represents the try 
freezing temperature of the 6-modification. 
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6. n-DECANE AND n-AMYL BROMIDE 


The starting material in this synthesis was Eastman’s n-propy! 
alcohol. It was converted to n-propyl bromide by the hydrobromic- 
sulphuric acid method (9). The resulting bromide was fractionally 
distilled once. The bromide was then converted to n-amyl alcohol 
by the use of ethylene oxide in a manner exactly analogous to that o! 
the preparation of n-hexyl] alcohol from n-butyl bromide and ethylene 
oxide, described in Organic Synthesis (14). The n-amyl alcoho 
was fractionally distilled twice and 1,600 ml of material distilling 
between 137.82° and 137.92° C. obtained. This was converted to the 
bromide by the hydrobromic-sulphuric acid method (9) and 1,150 ml 
of the bromide distilling between 129.40° and 129.50° C. obtained. 
The freezing range of this material (fig. 8) was only 0.014° C. and 
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indicated it to be of high purity. This material was used to synthe- 
kize decane as follows: Pea-sized sodium pellets were added through 
, reflux condenser to 100 ml portions of amyl bromide in a 500 ml 
Mask at such a rate that the liquid, which was first heated to boiling, 
ontinued to boil gently. After no more sodium could be added 
(owing to accumulation of solid), the reaction mixture was cooled, 
treated with water, and the hydrocarbon layer separated and dried 
with calcium chloride. This process was repeated three times before 
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FiGuRE 8.—n-amyl bromide cooling curve 
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the amyl bromide was practically completely converted. Finally 
Mm ihe decane was refluxed over sodium potassium alloy for six hours to 
remove the last traces of amyl bromide. The decane was decanted 
from the alloy and shaken in turn with several portions of cold con- 
centrated sulphuric acid until the acid remained colorless, then shaken 
with 10 per cent sodium carbonate solution, and finally with water. 
lt was then fractionally distilled once. Practically all the sample of 
305 ml distilled between 173.37° and 173.47° C. It was collected 
in two nearly equal fractions, one between 173.37° and 173.43° C., 
the other between 173.43° and 173 47° C. The freezing points of 
these two fractions were —29.88° and —29.76° C., respectively. 
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FiGuRE 9.—n-decane cooling curves 


yg lhe cooling curve for the sample which gave —29.76° C. as the 
ieezing point is shown in Figure 9 (Curve JJ). Shortly after this 
sample was obtained Bruun and Hicks-Bruun (16) obtained from 
petroleum by distillation and by crystallization, with the use of a 
ol entrifuge, a decane sample of exceptional purity freezing at 
~29.68° C. By fractional crystallization with the same centrifuge, 
nef Ue freezing point of the synthetic sample was raised to the identical 
nig “lue —29.68° C. The freezing range from —29.680° to — 29.692° C. 
(Curve J, fig. 9) indicates very high purity. 
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7. n-UNDECANE 


The starting materials in this synthesis were Eastman’s best grad, 
of n-heptyl bromide and n-butyraldehyde from which 4-undecang| 
was synthesized as follows: A 50 ml portion of a mixture of 537 g of 
n-heptyl bromide in 900 ml of anhydrous ether was run onto 75 » 
of magnesium in a 5-liter 3-necked flask, fitted with reflux condenser 
stirrer with mercury seal, and dropping funnel. A crystal of iodine 
was added and the reaction started by warming slightly. The 
remainder of the heptyl bromide in ether was then dropped in ai 
such a rate that the reaction mixture boiled gently. After all the 
heptyl bromide had been added, 216 g of butyraldehyde in 200 n 
of ether was run in slowly. The reaction mixture was allowed ty 
cool, decomposed with ice and dilute sulphuric acid, filtered throug) 
glass wool to remove the magnesium residue, and the 4-undecano! 
layer separated. This material was fractionally distilled once 4} 
93 mm pressure; 1,230 g of 4-undecanol distilling from 155° to 157°( 
was obtained from 3,000 g of n-heptyl bromide. 

The dehydration of 4-undecanol should yield a mixture of two 
undecylenes, depending on the manner in which water splits off 


Thus 
C,H;-CH-CH-CH,-C,H,,;— C.H;-CH =CH-CH,:-C,H); 


quite 
tlon | 
ance 


‘HOH! 
or 
C,H,-CH»-CH-CH-C,H,;—> C,H,;-CH,-CH = CH-C;Hy, 
| | 
‘OH Hi 


Both of these undecylenes should yield n-undecane on hydrogenation 

However, the dehydration of 4-undecanol proved to be difficult 
Attempts to dehydrate it by heating with 60 per cent sulphuric acid, 
by refluxing with zine chloride, by distilling from iodine, and by 
passing the vapor over aluminium oxide at 350° C., were entirely 
unsatisfactory and yielded no undecylenes. By running the alcohol 
into sirupy phosphoric acid at 250° C., a small quantity of undecylene 
was obtained. Ross and Leather (17) obtained an undecylene from 
methyl nonyl carbinol by heating the alcohol on a steam bath with 
phosphorus pentoxide. This method was tried and proved more 
satisfactory. About 200 ml of 4-undecanol, with 100 g phosphorus 
pentoxide was placed in a 500-ml flask fitted with a reflux condenser 
and calcium chloride tube. The flask was then heated for eight 
hours on a steam bath. The resulting pasty material was extracted 
with ether and the extract fractionally distilled. In addition to the 
undecylenes distilling from 191° to 193° C., a considerable quantity 
of material (almost half) distilled in the range from 222° to 223° C 
This material gave the phenylhydrazine test for a ketone. It was 
probably propyl heptyl ketone and resulted from the oxidizing action 
of phosphorus pentoxide. This ketone was reduced to 4-undecanol 
by mixing with an equal volume of amy] alcohol, and adding an excess 
of sodium in small pieces to the boiling mixture. It was then washed 
with water, dried, and separated from the amy! alcohol by fractional 
distillation. It distilled at atmospheric pressure from 228° to 229° C 
The 4-undecanol thus obtained was treated with phosphorus pentoxide 
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.s before and more undecylene obtained. Altogether 800 ml of unde- 
ylene was Obtained from 1,230 g of 4-undecanol. 
“Attempts to hydrogenate the undecylene to undecane by passage 
wer a nickel catalyst at 200° C. were not satisfactory. The first 
mall portion which was collected was almost completely hydrogen- 
ited, but the catalyst soon became inactive, presumably owing to 
poisoning by impurities in the undecylene. The undecylene was, 
owever, satisfactorily hydrogenated by passage over a copper chro- 
mite catalyst (18) at 200° C., this catalyst being less readily poisoned 
than nickel. The undecylenes remaining unconverted were removed 
y shaking with cold concentrated sulphuric acid. The undecane 
was washed with a 10 per cent solution of sodium carbonate and dried 
with calelum chloride. Approximately 700 ml of crude undecane 
was obtained. This material was quite impure. After four frac- 
tional distillations 350 ml was obtained distilling over a range of 0.5° 
Freezing point measurements showed that this material was still 
quite impure. Fractional crystallization was used for final purifica- 
tion and the progress of purification followed with the platinum resist- 
ace thermometer, After many fractional crystallizations 75 ml of 
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FicurE 10.—n-undecane cooling curve 


very pure material was obtained, 75 ml only slightly less pure, and 
100 ml of fairly pure material. The freezing range of the purest 
sunple, from —25.613° to —25.635° C., was only 0.022° C. and is 
indicative of high purity. (Fig 10.) 


8. n-DODECANE 


The starting materials in this synthesis were n-butyl bromide and 
ethylene oxide from which hexyl] alcohol was synthesized as described 
in Organic Syntheses (14). The hexyl] alcohol resulting was fraction- 
illy distilled and the portion distilling between 156° and 157° C. con- 
verted into the bromide by the hydrobromic-sulphuric acid method 
9). Practically all of this hexyl bromide distilled between 155.20° 
and 155.32° C. 

Dodecane was prepared from the hexyl bromide by the use of 
sodium in exactly the same manner as decane from amyl bromide. 
Minally the dodecane was refluxed over sodium potassium alloy for 
ix hours to remove the last traces of hexyl bromide. The dodecane 
Was then decanted from the alloy and shaken with several portions 
of cold concentrated sulphuric acid until the acid remained colorless, 
then shaken with a 10 percent solution of sodium carbonate and finally 
wth water. Two fractional distillations at atmospheric pressure 
yielded 570 ml of dodecane with a distilling range of 0.2°. It had a 
‘lightly acrid odor, and evidently contained unsaturated compounds 
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caused by cracking at the high temperature necessary to distill ,; 
atmospheric pressure. Its freezing behavior indicated that. it was 
not pure. (Fig.11,Curve/J/.) After many crystallizations, a 75 
sample with the freezing behavior shown in Curve J was obtained 
This material froze from —9.609° to —9.669°, a range of 0.06°(. 
indicative of a fairly pure material, through probably not as pure x 
some of the other hydrocarbons obtained. 
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Figure 11.—n-dodecane cooling curves 
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IV. COMPARISON OF PHYSICAL CONSTANTS WITH THOSE 
OF SHEPARD, HENNE, AND MIDGLEY 


Physical constants of all the hydrocarbons described in this paper 
are available in the literature. In general, the criteria of purity 
were not as strict as those employed in this investigation and the 
methods of determining the constants, in particular the methods of 
determining temperature, were not sufficiently refined to yield results 
of high accuracy. In consequence, the freezing points reported in the 
literature differ widely. The values obtained on samples isolated 
from petroleum at this bureau, to which reference has already been 
made (6, 15, 16) and the values obtained by Shepard, Henne, and 
Midgley (1) are notable exceptions to this statement. Only Shepard, 
Henne, and Midgley (1) have recorded values for the entire series 
from pentane to dodecane. Their values, moreover, were obtained on 
samples isolated from petroleum, so that a comparison with values 
on samples obtained in an entirely different manner; that is, by 
synthesis, is valuable in establishing the true value of the constants. 
For these reasons only the values of Shepard, Henne, and Midgley (1 
are recorded for comparison in Table 1. 
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TABLE 1.— Physical constants of normal hydrocarbons 





Boiling point at 


760 mm ! Freezing point in air Refractive index N%8 


Substance Shepard 
‘ , 


Henne, Henne, 
an and 
Midgley Midgley 


Shepard, Shepard 


Author Henne, and Author 
Midgley 


Author 





; 2 . oC. °C. °C. 
Pentane ee ee F . 36. 00 29.73 | —129. 93 1. 35470 . 35495 
aati... -sbnten 38. 38. 34 | —95. 39 1, 37224 . 37230 
Heptane.. - ; iris 8. 38 ; 90.62 | —90.65 -90.622} 138510 . 38553 
ia Set, eee 25. 3.82 | —56. 90 1, 39509 . 39534 
= as pissed « SG 00. 53. 68 -53.653 | 1, 40318 . 40340 
} : 1. 40961 . 40986 


OE conse scocstheieeeeees De O. 6x 1, 41495 . 41516 
DUMMIES: onccedecds snd ton deb g ad . 6 . 7s 1, 41952 . 41967 
Amyl bromide q d 1. 44199 
@NODY) DTOMIGS.. . <02.5<2-0---00 a 30. 1, 45221 
#Nonyl bromide.. aa cal —29. . 1, 45221 


























!'The values for dt g/dp for the hydrocarbons were taken from the paper by Shepard, Henne, and Midg- 
ley () while that for amyl bromide was determined and found equal to 0.048° /mm. 

‘The boiling point of undecane and dodecane and n-nony! bromide were not determined owing to the 
probability of some thermal decomposition. 
-} Values obtained on samples isolated from petroleum by Hicks-Bruun and Bruun (6) (heptane), White 
and Rose (15) (nonane), and Bruun and Hicks-Brunn (16) (decane). 


The agreement between these two sets of values of physical con- 
stants, although somewhat less satisfactory than is to be desired, is 
nevertheless much superior to that generally obtained by investiga- 
tors on the physical constants of organic liquids. The greatest 
discrepancy occurs with pentane in which there is a difference of 
(.06° in the boiling point and 0.2° in the freezing point. The agree- 
ment on the boiling points from hexane to nonane is excellent. The 
freezing point agreement is not so satisfactory. With the exception 
of nonane (which was not quite pure), the freezing point values 
obtained in this work are all higher than those obtained by Shepard, 
Henne, and Midgley (1). It is probable that the higher values 
should be considered the more reliable since impurities, except with 
one type of solid solution, lower the freezing point. Dodecane, as 
shown by the slope of the freezing point curve, was not quite pure, 
ud it seems possible that the true freezing point may be still higher 
than the value recorded here, by from 0.05° to 0.1° C. Unfortu- 
hately, sufficient dodecane was not available to continue the fractional 
(rystallization and test this point. The other hydrocarbons were 
purer than nonane and dodecane and their freezing points are prob- 
ably correct within 0.02° to 0.05° C. 

The values recorded here for the refractive indices are lower than 
those given by Shepard, Henne, and Midgley (1). The average 
value of the differences is 22 x 1075. 

_ Refractive indices are not a sensitive test for small amounts of 
impurities, particularly if the refractive index of the impurity is 
lose to that of the pure substance. Thus 1 per cent of heptane in 
9 per cent of octane with refractive indices of 1.38510 and 1.39509, 
respectively, would give a liquid with refractive index of 1.39499, 
differing by only 101075 from that of pure octane. A calculation 
vased on the differences between the freezing point values given by 
Shepard, Henne, and Midgley (1), and those recorded here, shows 
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that the difference in purity is generally much less than 1 mole pe 
cent. Since the impurities most likely to be present in both cages 
are isomers, the refractive indices of which do not differ greatly 
from those of the normal hydrocarbons, it is improbable that th 
average value for the difference, 22 107°, can be accounted for by 
impurities, but instead is attributable to differences in the instr. 
ments or methods of measurement. 
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STUDY OF SOME CERAMIC BODIES OF LOW ABSORP- 
TION MATURING AT TEMPERATURES BELOW 1,000° C. 


By R. F. Geller and D. N. Evans 


ABSTRACT 


This paper contains a report of an investigation involving the dev elopment and 
esting of a number of ceramic bodies of the whiteware type containing synthetic 
Mux and maturing below 1,000° C. The bodies compare favorably in transverse 
breaking strength with earthenw are, are nearly white in color and vary in ab- 

rption from 1 to 5 per cent. The resistance to mechanical abrasion is higher 
than that of nonceramic flooring materials, such as marble. Glazed specimens 

sted crazing satisfactorily in laberatory tests. 
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I. INTRODUCTION 


The idea of using artificially prepared fluxing agents in ceramic 
bodies to produce structures, having desirable strength and porosity, 
it temperatures below those required by the feldspathic fluxes is not 
new.’ According to the Encyclopedia Britannica this idea had its 
inception not later than 1581, when a factory was established at 
lorence under the patronage of Francesco de Medici to produce 
white porcelain by introducing common glass into the body. The 
nanufacture was continued at Pisa, and similar porcelain is attributed 
oC andiana 1 near Padua. Another factory, founded at St. Cloud, 


Ene yclopedia Britannica, vol. 18, 14th ed., p. 351, which aeons, to ‘‘ Pottery and Porcelain, A Hand- 
for Collectors.”’ Vol, III, E. Hannover (Ed. B Lockham). . B, Searle, Encyclopedia of Ceramic 


tries, vol. 2, p. 377, 
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had grown to considerable size by the end of the seventeenth ce). 
tury. Searle states that porcelains, heated at low temperatures an( 
made translucent by the aid of especially prepared glassy mixture 
of frit were first produced at St. Cloud in 1727 and at Vincennes jy 
1740. These porcelains are now known as Pate Tendre or soft past 
and are matured at temperatures above 1,000° C.? The same idg 
has been applied in more recent times to the manufacture of a typ 
of ware named belleek, presumably after Belleek in County Fe. 
managh, Ireland. 

The last few years have witnessed a renewed interest in the use of 
artificially prepared fluxes. With the development of methods fo 
utilizing the electric current as a means for producing controlled 
temperatures, there naturally arises the question of the possibility of 
adapting this source of heat to the maturing of ceramic whiteware. 
It has been proven practicable to heat some classes of whiteware by 
passing the electric current through nonmetallic resistors. However, 
it would be an added economy and convenience if bodies of satisfac. 
tory qualities could be matured at, or below, 1,000° C. and conse 
quently in furnaces of the metallic resistor type. The informatio 
contained in the literature * is lacking in specific data, particularly 
with reference to bodies produced at temperatures below 1,000° (. 
Moreover the field covered by the patent literature referred to is in 
general that of earthenware. 

It was therefore the purpose of this investigation to determine the 
properties of a limited number of bodies having low absorptions and 
maturing below 1,000° C., and to obtain results serving as a guide to 
future industrial developments. 


ular proportions 


2 Temperatures are expressed in degrees Centigrade throughout this report. 

? German Patent No. 182107 (Mar. 19, 1907); British Patents Nos. 253184 (June 9, 1926), 302519 (Dee. 2 
1928), 318188 (Aug. 30, 1929), and 323379 (Jan. 2, 1930); U. 8. Patents Nos. 1749642 (Mar. 4, 1930), Re. 176% 
(May 6, 1930) and 1819686 (Aug. 18, 1931). Also, P. F. Collins, J. Am. Cer. Soc., vol. 11 (9), p. 706, 192 
and vol. 15 (1), p. 17, 1932. 
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II. MATERIALS 


The following materials were used in preparing the artificial fluxes 

(Table 1): Borax, boracic acid, hydrous magnesium carbonate, zin 
oxide, zirconium ‘oxide, fluorspar, cryolite, antimony oxide, potter’ 
flint, ‘and kaolin from Georgia, all of commercial grade; also, sodium 
nitrate, strontium nitrate, strontium carbonate, and calcium phos. 
phate, all of reagent quality. 

The bodies (Table 2) were composed of two or more of the following 
materials in addition to one of the fluxes: Kaolin from Georgia, bal 
clay from Tennessee, feldspar containing approximately 50 per cent 
plagioclase feldspar, 40 per cent potash feldspar and 10 per ceni 
quartz, and artificial “‘mullite” which was an electric furnace produc 
containing approximately 65 per cent mullite, 12 per cent corundum, 
and 23 per cent glass. A commercial ‘‘soda- bee. silica”’ bottle glass, 
ground to pass a “No. 100 siev e,* was substituted as the flux in one 
body having the type composition of the ‘‘BM Series.” 

All of the niaterials used in preparing the glaze (Table 2) were o/ 
commercial grade as regularly supplied to the pottery trade. 
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= AF : dure 
raBLE 2.—Compositions of bodies and glaze used in the final series of tests nish 
A. BODIES! orinc 
ee , =e Se lt Ere a ee Naa a: i —s were 
| Series— Sp 
| he 
aDSO 
| P ‘ 
B K | BM KM extr 
“<_<. ia 7 . tae Se 190% | | "4 Into 
| Per cent | Per cent | Per cent | Per cen nich 
ae J a 25 25 25 5 te) 
_ | SS eae , ‘ae Bs Seid ae 35 | 35 35 3 Tran 
a ee biotin’ | 40 | 20 | 35 | le 
Ll. = eee a eaeee . sites .| 20 | --| 1 CHCT 
Mullite paar ee 3 | + : 5 span 
aie aaa ae ; ' A ee eee was 
B. GLAZE driec 
: ° ‘a on: ae eee ie In Wi 
Fritt | Glaze ? lbs. / 
a oe cna : — : 2 ing 
| Per cent | | Per cent ’ 
Borax | 10.3 | Fritt aaa 44g had 
Borie acid 27.8 | Whiting 1.8 Ac 
White lead - 24.3 | White lead_ é . 
Flint 87.6 | Kaolin “3m with 
———___— — —— ———_____— —_— Inm 

1 Body compositions are identified by a number followed by the series destgnetion, Thus, 10 BM denotes diary 
a body of Series BM in which flux No. 10 was used. 4: 

? The coefficient of linear thermal expansion (calculated by means of factors in ‘‘ The Influence of C hemica tile i 
Composition on the Physical Properties of Glazes,’’ by F. P. Hall, J. Am. Cer. Soc., vol. 13 (3), p.l% to a 
1930) is 5.9X 10-6. ; 

mati 

III. METHODS om 

glaze 

The fluxes were melted in clay crucibles using a gas-fired pot furnace oe 
and, when molten, were poured into water, dried, and dry ground to by ¢} 
pass a No. 100 sieve. The crucibles held from 1\ to 2 kg of the molten he 
flux and a different crucible was used for each flux. be 
Relative solubility of the fluxes was determined on specimes ‘he 
obtained by dry sieving a portion of each flux through No. 200 anda 
a aaa eae nee pe *( ( 

‘ Sieves manufactured to meet the requirements of the United States Standard Sieve Series were ust’ ‘Bs 
throughout this investigation. A. 
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No. 270 sieves, using 10 g of that portion which passed the No. 200 
and was retained on the No. 270. The specimen was placed in a glass 
ontainer, together with 200 ml of distilled water, agitated for 48 
hours, the liquid removed by filtering, and the residue dried and 
weighed. 

Thermal expansions and ‘‘softening temperatures” of the fluxes 
were determined by the interferometer method ° on samples of flux 
which were remelted in platinum, cooled rapidly, and then annealed 
by heating to their annealing temperatures at an average rate of 
)° per minute and holding them at these temperatures for one hour 
and cooling slowly with the furnace. The ‘‘softening temperature” 
was taken arbitrarily as that temperature at which contraction due 
to softening began to exceed the expansion due to temperature in- 
crease. 

Indices of refraction of the fluxes were determined by the Becke 
method .® 

The bodies were prepared by wet grinding the constituents in a ball 
nill for two hours, passing them over a magnetic separator and 
through a No. 100 sieve, and partly drying on plaster. This proce- 
dure, and the compositions used, were established after preliminary 
trials in which various compositions, modifications of wet and dry 
grinding, addition of flux before and after grinding, and filter pressing 
were tried. 

Specimens for measuring transverse strength, linear shrinkage, and 
absorption were prepared by kneading the partly dried bodies and 
extruding them as rods one-half inch in diameter which were cut 
into 6-inch lengths. The rods were heated to about 750° C. over- 
night in an electrically heated furnace and matured the next day. 
Transverse strength is expressed as the modulus of rupture and was 
calculated from values obtained by breaking the rods across a 5-inch 
span. Percentage water absorption (which is proportional to porosity) 
was calculated from the weights of the specimens after having been 
dried at 115°+5° C. and after having been saturated by immersing 
in water and ‘‘autoclaving”’ for five hours at a steam pressure of 150 
lbs./in.”, Linear shrinkage of the rods was determined by measur- 
ing the distance, after the heating, between two gage marks which 
had been pressed 10 cm apart into the freshly extruded rods. 

Additional extruded and dried rods were later reground, moistened 
with about 10 per cent water, passed through a No. 35 sieve, and used 
inmaking tile (mold 2% inches square) and plates (mold 3 inches in 
diameter) by the ‘‘dry-press”” method. Total pressure used for both 
tle and plates was 12,000 pounds. The tile and plates were heated 
to about 750° C. overnight, in an electrically heated furnace, and 
natured the next day. Linear shrinkage, absorption, and relative 
resistance to abrasion of the dry pressed tile were determined on un- 
glazed tile. Linear shrinkage was calculated from the dimensions of 
the steel mold and of the finished tile. Absorption was determined 
by the same method used for the extruded rods. Resistance to abra- 
sion, a purely relative value expressed as the H, value, was obtained 
by using the apparatus and method of calculation devised by D. W. 
Kessler ? for wear tests of flooring materials. Glazed tile and glazed 


ersige 


9 





'C, G, Peters and C. H. Cragoe, B. S. Sei. Paper No. 393. 
‘KE. 8S. Larson, U. S. Geological Survey Bulletin No. 679, p. 14, 1921. 
A.8.T. M. Proc., vol. 28, Pt. II, p. 855, 1928. 
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plates were ‘‘autoclaved”’ in water for one and one-half hours at 15) 
Ibs./in.? steam pressure and the number of specimens crazed as a resul; 
of this treatment was noted. The “translucency ”’ of a glazed plate was 
estimated by comparing the intensity of the light it transmitted with 
that transmitted by an arbitrarily chosen plate of medium “transly- 
cency,’’ when such plates were placed over a 2};-inch diameter open- 
ing in a box which contained a 75-watt electric light, the filament of 
which was as near to the opening as possible. The glazed plates 
were between 3% and 4 mm in thickness. 


TABLE 3.—Some physical properties of the fluxes 





























| | | 
| Solubility Coeffi- || | Solubility Coeffi- 
|--— Softening | —- = Softening _ 
, tempera- | ' . | tempera- inear 
Flux} ture-+10° | Index of | thermal Flux ture-+10° Index of | thermal! 
No refraction} expan- No. a refraction] expan- 
Al Bi ( am at sion.’ Al |] B} . 4 Ba) sion.! 
nealec if. nealec re 
nealed ? nealed ! 
fag Teg *¢. x10-* g g “C0, x10-4 
1 | 26 | 28 535 1, 524 11.8 16 7 8 545 1. 525 1L.{ 
2 | 21 | 22 540 1,514 11.0 17 7 17 530 1, 536 10.1 
3 11 | ll 545 | 1, 516 9.4 18 25 28 525 1, 538 11.2 
4 | 16 18 540 1.515 10.4 19 12 ll 515 1, 526 11.7 
| | 
5 | 8 8 540 1. 523 10. 6 20 21 21 490 1. 504 12.3 
6 15 | 15 540 1, 527 11.2 21 17 17 500 1. 506 10.0 
7 | 7 | 10 545 1, 517 11.4 22 16 17 510 1.515 12 
8 | 5 | 6 540 1, 522 11.2 23 15 16 480 1. 519 9.1 
| | 
9 | 24 | 24 530 1, 527 10.9 25 10 ll 525 1. 524 lL. 
10 | 15 | 15 525 1, 526 8.0 26 1 2 535 1. 516 11.6 
Hi} 5 6 | 540 1, 529 £08) 28 bscn-- 2 545 1.515 1 
15 | 14 13 535 1, 524 10.7 























1 A and B are duplicate determinations calculated on the basis of using 50 g of flux per liter of water 

? Fluxes Nos. 20, 21, 22, and 23 were annealed at 475° C., all others at 515° C. 

3 Average coefficient for the temperature range from room temperature to the lower critical temperature 
For further information on the ‘‘critical temperatures”’ noted in studies of the thermal expansion of glass 
see the reference given in Footnote 5. Values to be multiplied by 10-*. 


IV. RESULTS 
1. FLUXES 


A brief description of the melting behavior of the fluxes and their 
appearance after quenching is given in Table 1. Flux No. 1 is of the 
same composition as flux No. 24 in the series investigated by Collins* 
and was selected as having a melting point and water solubility 
justifying its use as a basis on which to build the series of fluxes for 
this investigation. In outlining the series it is evident that no attempt 
was made to exhaust the field of possibilities. 

Six of the twenty-eight fluxes (Nos. 3, 4, 7, 10, 11, and 28) were 
selected for intensive study. This choice was based on the observed 
melting behavior, the physical properties given in Table 3, and the 
unreported results obtained in a preliminary study. ‘The composi- 
tions of the six selected fluxes as determined by calculations based on 
the batch materials, and by chemical analysis, are given in Table 4. 
The physical properties determined are presented in Table 5. 

Although no specific tests were made of abrasives bonded with the 
fluxes investigated, it is believed, from observation, that at least some 





8 J. Am. Cer. Soc., vol. 15 (1), p. 17, January, 1932. 
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of the fluxes have possibilities as bonds for certain classes of manu- 
factured abrasive wheels. 


TABLE 4.—Chemical composition ' of fluxes Nos. 3, 4, 7, 10, 11, and 28 








Flux No, and method SiOz, | AlsOs | CaO | MgO | Na2O | B203 | ZnO } SrO lignition 
* sha ry % Prt | 
Per cent\ Per cent\ Per cent| Per cent| Per cent| Per cent| Per cent| Per cent| Per cent 

Te eee 1 gee tangled 37.6| 0.42] 0.09] 51 rT 4601. ......1.------ 0. 31 
S04) 2. i cchaadanwnasadesa 1 ) SRE See 6.5 15. 1 SSE arene Licnecans 
) (eS palit ghee Xe Ses 38. 8 3.9 . 08 3.1 19. 5 = 2 ae eee . 22 
TREE oe eens Pose 40.3 ew loacescan 3.2 19.5 WW axe ceteieiee ae 35 eee ee 
| ee ees | ee So a t....-.- £13} 24.1 | 1.8 . 32 
70 : 4 38.8 het alamlaameal ohne nde 22. 4 5 ee DD Didecnnte 
ee eae . 37.8 42 05 . 03 12,2 35. 3 kh 3 eee . 23 
; ae es | ee nisheatiswennees 11.7 34. 3 pi S's Ses haa 
11A 38. 5 . 53 02 02 4.8 33. 7 23. 6 34 
11¢ | ae eee See 4.6 33. 5 >) Sa vale 
i ie ides oe ee 36.6 17.4 07 12 23.6 | a ne . 20 
1) atic ok bahia daniel 38. 0 ees 23.0 SIO Up idunut eacdsakasidcoses ‘ 



































| The chemical analyses were made by J. F. Klekotka and are based on samples dried at 110° C. 
Compositions determined by chemical analysis (A). 
‘Caleulated compositions based on batch materials (C). 


2. BODIES 


(a) PRELIMINARY STUDY 


The results of this study are not presented in detail, but may be 
summarized briefly as follows: 

Either a dry grinding of all of the constituents, or the addition of 
the flux after the other constituents of the body have been wet ground, 
produced coarse textured bodies. 

Wet grinding four hours or more introduced so much dissolved flux 
into the slip that both the slip and the body were unworkable. 

Sufficient flux was dissolved during two hours wet grinding to make 
filter pressing difficult. 

Filter cakes contained sufficient water to carry flux to the surface, 
resulting in the formation of a hard, discolored ‘“‘skin.”’ (It is sug- 
gested that excess water could be removed from these bodies most 
efficiently by means of spray driers or drum driers.) 

No method was found for preparing bodies which could be “‘jig- 
gered” successfully. Such faulty specimens as were made contained 
raw age water to carry dissolved flux to the surface during the 
drying. 

Casting slips made with bodies containing fluxes 3 and 10 worked 
well on a laboratory scale and thin-walled pieces could be cast without 
difficulty. Fluxes Nos. 4, 7, 8, 11, and 28 were fairly satisfactory, 
while others, notably Nos. 1, 16, and 20, produced slips entirely un- 
suited for casting. However; rapid disintegration of molds was 
observed with all of the body slips because of the crystallization of 
dissolved flux carried into them by water from the slip. It was noted 
that pH values of the slips when removed from the ball mills could 
not be used as indicators of casting properties in so far as the partic- 
ular bodies studied are concerned. Slips of bodies containing flux No. 
10 showed the lowest pH values determined (approximately 6.0), 
while the slips containing flux No. 3 showed the highest (approxi- 


‘ 
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mately 8.5). McDowell® states the pH value at which maximun 
dispersion is attained is different for each clay and for each electrolyte. 


TABLE 5.—Some physical properties of the fluxes used in the final series of tesis q; 
determined by calculation } 


Coefficient of ther. 
mal expansion 
| Tensile | Modulus 
Flux No. | strength of ; , 

wy 8g |elasticity Calon- 


| lated | Observed 

hea a 

kg/mm 2 | kg/mm ? | 
3 y 31.7] 6,400 | 8.6 a4 
4 . aha on 3L.8 } 6, 100 | 10.3 10.4 
Ri dinamesaed en ae 8. a 28.9 | 5, 700 | 11.6 11.4 
__ ene ee peer eo © a 26.8 | 7, 200 8.6 8 
| (SS See ae» P " 26. 4 | 7, 600 6.6 54 
28 . s 4 30. 6 6, 500 11.9 ll 


! Calculations based on the information contained in the reference given in the footnote to Table 2 
? Values to be multiplied by 10—°. 
} Values taken from Table 3. 


No difficulty was experienced in making satisfactory specimens of 
tile and plates by the dry-press process. 

Specimens made with 75 per cent flint and 25 per cent flux, when 
heated to 1,000° C., were translucent, bluish white in color, and of 
good texture, but the percentage tridymite developed was very high 
and the specimens were correspondingly sensitive to temperature 
change in the region of the a-6;-8. tridymite transformations 
(117° and 163° C.)..° The average coefficient of expansion for th 
temperature interval 100° to 200° C. was 41x 10—°. 

Specimens made with various ratios of feldspar and flux formed 
highly translucent bodies, but the indicated maturing range did not 
exceed 10°. 

A large majority of the trials indicated that additions of kaolin at 
the expense of ball clay darkened the color of the product. 

Care must be observed in heating to allow ample time between 
650° and 750° C. for complete combustion of organic matter before 
there is appreciable fusion of the flux and consequent sealing of the 
pores. 

Holding at the maximum temperature for not less than one and 
one-half hours appears to permit the flux to distribute itself more 
uniformly throughout the body and produce a ‘“‘smoother”’ appearing 
texture. 

Specimens in which a commercial bottle glass had been used as ® 
flux, and which had been heated at 990° + 5° C., had an average 
absorption of 11.5 per cent. This indicates that commercial bottle 
glass would probably be unsuitable as a flux for bodies designed to 
mature below 1,000° C., and which are designed to have relatively lov 
absorptions. 





(b) PROPERTIES OF EXTRUDED BARS 


The six fluxes selected for more intensive study were used in four 
series of bodies (Table 2) which have been labeled B, BM, K, and KM 


§J. Am. Cer. Soc., vol. 10 (4), p. 225, April, 1927. 
10 C, N, Fenner, Am. J. Sci., vol. 36, p. 331, 1913. 
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Evans 
Although it was found that specimens could not be formed success- 
fully from the plastic bodies by jiggering, it was thought advisable 
to obtain approximate results for their maturing range and other 
properties by means of conventional tests on extruded bars. Results 
were obtained for the B and BM series and are presented in Table 6. 
The results obtained give no ground for significant exceptions to the 
following statements: All of the rods developed maximum strength 
and shrinkage and minimum absorption when heated to 975° C. 
Heating to 1,000° C. was harmful. The minimum absorption was 
lower and the maturing range was shorter for bodies containing 5 per 
cent mullite than for bodies containing no mullite. Bodies made 
with a flux containing zine (Nos. 60 and 61) showed a higher shrinkage 
jand higher strength but not a lower absorption than the average for 
the series. The maturing range, whether or not it was desired to 
develop bodies of the lowest possible or of intermediate absorptions, 
did not exceed approximately 25° C. 

The average values for modulus of rupture of the rods heated to 
975° C. (Table 6) are very nearly equal to similar values which are 
found in the literature '' for ‘‘semivitreous”’ bodies heated to cone 9 
(about 1,250° C.) and which vary from 4,700 to 6,600 lbs./in.?; but 
they are much lower than the values for vitreous bodies heated to 
cones 11 and 12 (about 1,285° and 1,310° C., respectively) which vary 
from 8,100 to 9,900 Ibs. /in.?. 


TABLE 6.—Some properties of extruded bars (% inch diameter by 6 inches long) 
heated for one-half hour at the temperatures indicated 


1,000° C. 


| 


3.0 | 4,000 


| 3.6 
3.0 


.9 | 


4, 700 


4, 500 | 2. 
5 


4, 300 


3, 300 | 


3 | 3, 600 
3, 400 | 

3, 800 

3, 200 

| 3, 400 


2| 4,000 | 14. 


2.5 





| 3,800 


2.0 | 4, 100 | 
. 2 | 3, 800 | 
0 | 3,800 | 


. 6 | 3, 200 


3.4 | 3,600 | 
2.2 | 3, 400 


| 
| 
| 


to PPP toP 


4, 400 





| 4,800 
4, 600 


| 4, 600 
| 4, 300 


4, 600 | 


| 4,900 | 3 


3.5 | 


4,800 | 4 


4, 400 | 6. 


Nw 


CO mm CO 


OTN ND os 


tno oo Ge 


AoOMon 


S=linear shrinkage, in per cent. 
K=modulus of rupture, in pounds per square inch. 
\=water absorption, percentage by weight. 


(c) PROPERTIES OF DRY PRESSED TILE 


_ (1) Resistance to abrasion—The values obtained are given in 
lable 7. Apparently the compositions of the experimental bodies 
had no significant effect on their relative resistance to abrasion. 

For comparison, three specimens of one brand of commercial white 
vitrified floor tile were tested and the average H, value for nine de- 
terminations was 78. The following average H, values are cal- 
culated from data in the report by Kessler:!2 Average of 45 marbles, 


_ || E. E. Pressler and W. L. Shearer, B. S. Tech. Paper No. 310, 1926. R. F. Geller and A. S. Creamer, 
‘Am. Cer, Soc., vol. 14 (1), p. 30, January, 1931. 
“ See footnote 7, p. 477. 
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18; average of 15 limestones, 9; average of 14 slates, 8; average of 
sandstones, 5. 

(2) Absorption.—The absorption percentages reported in Table 7 
are the lowest which it was possible to obtain without developing , 
vesicular or “‘overfired” structure. The group of bodies containing 
flux No. 3 has the lowest average absorption of the six groups differ. 
entiated by means of the flux. The BM series of bodies containing 
mullite but no kaolin has the lowest average absorption. Although 
there is little difference in the average absorption values given jy 
Table 7 for the various series and groups, it should be remembered 
that those bodies containing flux No. 11 or No. 28 require a maturing 
temperature 30° C. higher than is required by the other bodies. . 

TABLE 7.—Some properties of ‘‘dry pressed’”’ tile fou! 
( 
Linear shrinkage; ind 


series 
to I 


l ] | not 


—_ —_—-——__—_—— ; rey EoaEe: 
| 
| | Resistance to abrasion; ! 

6 ‘ 2 ; ; 
| Heat treatment series— 


| Absorption; ? series 





Flux No. | Maxi- |Time at | 
| mum | maxi- 
temper-} mum B BM K |KM| B BM K | KM B BM 

ature, |temper- | 

|+12° C.} ature 

| | 









































pie © eee Py: Perea ae ea 
| Per | Per | Per | Per | Per | Per | Per | Pe 
"e. Flours He value 4 cent | cent | cent | cent | cent | cent | cent | ¢ 
3 ‘ | 960 2-3 44 45 | 42 43 2.0 1.0 2.5 1.5 4.5 | 4.0} 5.0 4 
4 ‘ | 960 2-3 42 41 40 44 3.5 2.5 3.5 3.0 4.5) 40] 4.0 j 
= | 960 2-3 41 40 41 39 1.0 1.5 3.0 3.0 3.0; 25] 3.5 
10 — 960 2-3 45 45 40 40 3.5 2.5 4.5 4.5 4.5| 40] 40 4 
11 | 990 3| 52] 39] 45] 49] 25] 20] 40] 30] 60] 50] 5.5 
28........-| 990 | 3) 51] 53} 42] 44] 30] 15 ae} 3.0 4.5] 5.0] 4.5| 4 
| | | | | | 
| 
| Standard deviation : 
Maximum 
—_— | individual | 
| Maximum | Minimum | 4¢viation | 
ee ES PERIL CRE! eee 
| | 
| He value.... so Ane 4 7 ee 1 to’. j 
Absorption __-_-_- ..per cent 13 | 3 2.5 | 
Ghrinkee... -. 2.2.2.5 ...-280...-] 8 .2 7 
j | 








1 Bodies 3, 4, 7, and 10, values are average of 6 specimens from 2 heatings. Bodies 11 and 28, values ar 
average of 3 specimens from 1 heating. 

2 Bodies 3, 4, 7, and 10, values are average of 9 specimens from 3 heatings. Bodies 11 and 28, values are 
average of 6 specimens from 2 heatings. 

§ Number of specimens used same as for absorption. These values are the total linear shrinkage during 


drying and heating. _ 
‘ Calculated by means of the formula Hp 1) GO0O+ Oh (see footnote 7, p. 477) where: 





2,000 W. 





W,=weight of material lost by abrasion. 
W,=original weight of specimen. 
G=apparent density. 


The absorptions of 180 specimens representing 17 brands of com 
mercial tableware were determined. ‘The lowest average absorption 
for specimens of any one brand was 0.2 per cent, the highest 9.5 pe! 
cent, and the average for all brands was 7.2 percent. The deviations 
for the experimental bodies (Table 7) may be compared with the 
following deviations for the commercial bodies: The maximum 
standard deviation, in per cent, for the specimens of a single brand 
was 2.1, the minimum 0.2; the maximum deviation of an individual 
specimen from the mean of a single brand was 5.0 per cent. 
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(3) Linear shrinkage——The values for total percentage linear 
shrinkage during drying and heating are given in Table 7. The low 
values for the bodies containing flux No. 7 are an interesting develop- 
ment in view of the fact that these bodies are also among the least 
absorbent. 

(4) Color—None of the bodies are white. Within each series the 
colors vary according to the flux, as follows: Flux No. 28 produced the 
darkest body, then Nos. 7, 4, 3, 10, and 11. When compared with 
color standards the B and BM series may be described as varying 
from cartridge buff, Plate XXX 19’’ Y-O-Yf, toward white while the 
K and KM series vary from tilluel buff, Plate XL 17’’’ O-Yf, toward 
white. Before making the comparisons the eyes of the investigator 
were tested for sensitivity to color in the colorimetry section, and 
found to be normal. 

(5) Resistance to crazing.—The relative resistance to crazing is 
indicated by the values in Table 8. The BM series of bodies appears 
to have a resistance appreciably higher than the others and it will be 
noted that this series (Table 7) has the lowest average absorption. 
The total number of crazed specimens in the three groups containing 
flux Nos. 3, 7, or 28 is significantly lower than in the other three. 
No explanation for their apparently higher resistance was found. 

(6) Thermal expansion.—The coefficient of thermal expansion of 
each of the bodies of the B and BM series was calculated from tests 
on one specimen of each body. (Table 9.) Their coefficients do not 
differ significantly from those of 16 commercial whiteware bodies 
one test on each body) which varied from 6.7 to 7.5 X 107°. 


TABLE 8.—Relative translucency and resistance to crazing 





Plates 2 





Relative translucency av- 
erage applies to each 
series 


. | Number of specimens ; Number of specimens 
Maxi- crazed (3 tested); | Maxi- crazed (2 tested); 
mum series— mum series— 
tempera- 

ture | 7 ture 
| #10° C. BM +10°C./ & | BM 














0 “Bright”’. 
y 0 y Do. 
960 0 Medium. 
960 : 0 Between 28 and 11. 
990 0 Nearly opaque. 
990 0 Below medium, 



































Bisque heated 3 hours at the maximum temperature, Glaze matured 1 hour at 950°-+L5°. 
‘ Bisque heated from 44 to 114 hours at the maximum temperature. Glaze matured at 950°+5°—time 1 


t 
1 10urs. 


(d) PROPERTIES OF GLAZED PLATES 


(1) Resistance to crazing.—Values indicating relative resistance to 
(raging are given in Table 7. The resistance of the BM series was 
highest and the average resistance of the “ball clay bodies” (B and 
BM) was higher than that of the “kaolin bodies” (K and KM), which 
isin agreement with the results of the tests on glazed tile. Results of 
the tests on tile and plates may not be directly comparable because 
the former were glazed on one side only while the latter were com- 
pletely coated. 





* Robert Ridgway, Color Standards and Color Nomenclature, printed by A. Hoen & Co., Baltimore, Md. 








484 Bureau of Standards Journal of Research (Vat 


(2) Translucency.—The values for translucency, which are purely 
relative, were determined for three specimens of each body. As ; 
means for comparison, plates of several brands of domestic vitrifie 
hotel china (thickness 4.3 to 5.1 mm) were tested also. Their trans. 
lucency varied from the arbitrarily selected “medium” to “bright,” 
The light transmitted by the least translucent specimens (containing 
flux No. 11) was approximately of the same intensity as that trans. 
mitted by a specimen of commercial earthenware of 4 per cent water 
absorption. 

The translucency values for the experimental bodies are given jy 
Table 8 and, as indicated, they varied according to the flux. Other 
variations in body composition did not affect the light transmission 
sufficiently to be detected by the test method. That the bodies con-{ prox 
taining flux No. 11 are least translucent is explained probably by the It 
fact that the flux itself is nearly opaque. (Table 1.) bon 














TABLE 9.—Coefficients of thermal expansion of bodies of the B and BM series 


| Coefil- | Coefl. | In 
. cient of | RY | cient of | 
Body No. | expan- i} Body No. | expan- | tran 
| sion? | sion? | vary 
tattstayie?) hU os ett ei Hh tne 
Se AG i.) | 7.4 mat 
ee 7. SEES con Sins pat oes 7.8 ay 
SYMMRies obtbddek-cand 86 || 7BM-.....2...-2-. 9.1 expe 
| SPS 7.3 || 10OBM 7.5 
| 11B- ‘| 6.6 |\itPBME 1. CLEC c! 6.4 | mat 
_ es Ce res 8.7 


satis 
whit 


1 The temperature range is from room temperature to a temperature below the point at which the bod; 
shows a marked increase in rate of expansion (approximately from 25° to 400° C.). The temperature i com 
which the rate of expansion increases is nearly the same as the lower critica] temperature of the flux used 

? Values to be multiplied by 10°¢. \\ 


V. SUMMARY 


The results obtained in this investigation indicate that the produc: 
tion of ceramic bodies having water absorptions lower than the 
average for commercial earthenware, and maturing below 1,000° C 
would require careful supervision and control of all of the manufac- 
turing processes. 

It would probably be necessary to wet-grind the flux with the othe 
ingredients of the body to obtain a suffic iently fine-grained and uniform 
product. This would be done at the cost of introducing dissolved 
flux in the ‘‘slip.” 

No difficulty was encountered in forming tile and plates approxi- 
mately 2 inches square and 3 inches in diameter, respectively, by the 
dry-press process in a laboratory press. 

The particular body compositions used could not be matured on 
what would usually be considered a short heating schedule, since it 
was necessary to allow sufficient time for all organic matter to oxidize 
and volatile products to escape before the flux softened sufficiently 
to seal the pores of the body. 

Comparatively small variations in the chemical composition of 1 
flux or of the body in which it is used may have a Trott a 
effect on the properties of the product. For example, the use ° 
kaolin in place of 50 per cent of the ball clay decreased the resistance 
to abrasion of 9 out of 12 bodies (Table 7); the average absorption 0! 
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the bodies containing kaolin was about 50 per cent higher than the 
average for the others (Table 7) and their resistance to crazing when 
ols wed was considerably lower (Table 8). Also, the substitution of 
kaolin for ball clay produced bodies slightly darker in color. The 
results, therefore, indicate that it would be advantageous to use all 
ball clay, preferably ‘‘washed”’ and low in organic matter, rather 
than a mixture of ball clay and kaolin. 

The introduction of 5 per cent of “‘mullite” at the expense of the 
clay appeared to have some desirable effects. (Tables 7 and 8.) 

Within any one series of bodies the flux appeared to be the pre- 
dominating factor in determining the relative color and translucency 
of bodies. (Table 8.) Effects on the other properties are not so 
pronounced. 

It is believed that at least some of the fluxes have possibilities as 
bonds for certain classes of manufactured abrasive wheels. 


? 


VI. CONCLUSIONS 


In general, it may be stated that ceramic bodies comparable in 
transverse breaking strength to earthenware, nearly white in color and 
varying in Water absorption from 1 to 5 per cent, have been made in 
the laboratory by the dry-press process, of commercially available 
materials, and by maturing below 1,000° C. The bodies may be 
expected to resist mechanical abrasion better than nonceramic flooring 
materials, such as marble, and glazed specimens resisted crazing 
satisfactorily in laboratory tests. There are no data available on 
which to base conclusions regarding the cost of manufacture under 
commercial conditions. 


WASHINGTON, May 9, 1932. 
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‘THE DETERMINATION OF MAGNESIA IN PHOSPHATE 
: ROCK 


By James I. Hoffman 


ABSTRACT 


A method for the determination of magnesia in phosphate rock is presented. 
' Calcium is separated as sulphate in alcoholic solution, and magnesium is deter- 
mined in the filtrate by precipitating it as magnesium ammonium phosphate. 
Citric acid is added to prevent interference by iron, aluminum, and titanium. 
In this procedure part of the manganese always accompanies the magnesium. 
This is determined in the ignited residue by the periodate method. The data 
show that arsenic does not interfere and that the method is also applicable if 
larger amounts of magnesium are present than are usually found in phosphate 
rock. 
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I. INTRODUCTION 


Practically all samples of phosphate rock contain less than 0.5 
per cent of magnesia. ‘To determine this a procedure must be used 
in which large amounts of calcium and moderate amounts of iron, 
aluminum, titanium, manganese, and fluorine are eliminated. Cal- 
cum can be separated by precipitating it as oxalate in an oxalic acid 
solution,’ or as sulphate in an alcoholic solution. If the former 
procedure is used, the precipitation with oxalate must be repeated. 
Precipitating calcium as sulphate is more suitable in this case because 
the separation of small amounts of magnesium is so nearly complete 
ina single precipitation that the operation need not be repeated. 
Iron, aluminum, titanium, and part of the manganese are eliminated 
if magnesium is precipitated as magnesium ammonium phosphate in a 
solution containing ammonium citrate, and a correction for any 
manganese which is precipitated can be applied to the finally weighed 
residue. Fluorine is eliminated at the start by evaporating with 
sulphuric acid. Arsenic, if it is not previously eliminated, is vola- 
tilized during the evaporation of the alcohol after the calcium sulphate 
Is separated. 

The following method was found to yield satisfactory results 
when applied to synthetic mixtures and to the Bureau of Standards 





; . E, an Lanta and J. I. Hoffman, The Analysis of Phosphate Rock, J. Assoc. Official Agric. Chem. 
4.8, Dp. 184, 1924, 
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standard sample of phosphate rock, No. 56, which has the followiy; 
percentage composition: P,O;, 31.3; Fe.O3, 3.3; Al,O3, 3.1; CaO, 445 
Si02, 6.7; TiO, 0.15; MnO, 0.25; MgO, 0.32; F, 3.6. This compos, 
tion is typical of phosphate rocks excepting that in most cases smalle 
percentages of the oxides of manganese and magnesium are present, 


II. METHOD FOR THE DETERMINATION OF MAGNESIA 


Transfer 2 g of phosphate rock, ground to pass a No. 100 sieve an 
dried for one hour at 105° C., to a 250 ml beaker, cover, add 15 ml 
diluted hydrochloric acid (2+1)? and 5 ml of nitric acid, and boii 
gently for 10 to 15 minutes. Remove the beaker from the source of 
heat, add 6 ml of diluted sulphuric acid (1+ 1), remove the cover, an 
evaporate until fumes of sulphuric acid appear. Cool slightly, was} 
down the inside surface of the beaker with a jet of water and again 
evaporate until fumes of sulphuric acid appear. Cool, add 10 mlo 
water, stir thoroughly, and digest on the steam bath for 10 to 1) 
minutes. Remove from the steam bath, add 100 ml of 95 per cen 
alcohol,’ stir so that the calcium sulphate is well dispersed throughou 
the liquid, and then allow to stand for 30 minutes or longer. Filte 
by means of suction through a tight plug of filter paper pulp, using 
a Gooch crucible, carbon funnel, or Biichner funnel, and wash fivd 
times with 5 ml portions of 95 per cent alcohol containing 1 ml 0 
sulphuric acid per 100 ml. 

Evaporate the alcoholic filtrate as far as possible on the stean 
bath. Transfer the solution to a 300 ml Erlenmeyer flask, dilute t 
75 to 100 ml, and add 2 g of citric acid and 15 ml of a 25 per cen 
solution of diammonium phosphate, (NH,).HPO,. Add ammoniun 
hydroxide until the solution is alkaline to litmus and then add 10 m 
in excess. Add 5 to 10 glass beads, tightly stopper the flask, an 
shake on a shaking machine for at least one hour. Allow to stand i 
a cool place for four hours or preferably overnight. Filter throug! 
a tight paper containing a little paper pulp, and wash with dilute 
ammonium hydroxide (5+95), containing 50 g of diammoniu 
phosphate per liter, until the precipitate and paper are free from irom 
and aluminum. Pass 25 ml of hot diluted hydrochloric acid (5 +95 
through the paper into the flask, transfer the solution to a 150 m 
beaker, and wash the paper and flask thoroughly with more of the 
diluted acid. To the solution in a volume of 50 to 75 ml and con 
taining no glass beads, add % ml of a 25 per cent solution of diam 
monium phosphate, cool, and then add ammonium hydroxide slow 
and with stirring until the solution is alkaline to litmus. Stir for: 
few minutes, then add 3 to 4 ml of ammonium hydroxide and allo 
to stand for four hours or overnight. Transfer the precipitate to ' 
small filter and wash with diluted ammonium hydroxide (5+9)) 
Transfer the paper and precipitate to a platinum crucible, ignite slow 
at a temperature below 900° C. until the carbon is burned (preferabl 
in a muffle furnace with pyrometric control), and then at about 1,100 
C. for one to two hours. Cool and weigh. 





? This denotes 2 volumes of hydrochloric acid, specific gravity 1.18, mixed with 1 volume of water. Th 
system of designating the diluted acids or ammonium hydroxide is used throughout this paper. If mt 
dilution is specified, the concentrated reagent is intended. a 

3 In most of this work 95 per cent ethyl alcohol was used. Mixtures of 100 parts of 95 per cent ethy! alco 
with from 5 to 25 parts of methyl alcohol proved equally satisfactory. 
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The residue consists of Mg,P,O; and possibly Mn2P,O0, and Ca; 
(PO,)2. If the alcoholic filtrate was clear, the tricalcium phosphate, 
Cas(PO,)2, will not exceed 0.3 mg and can be neglected unless very 
accurate results are desired. The correction for manganese is made 
as follows: Dissolve the residue in 10 ml of diluted sulphuric acid 
(1+9), transfer the solution to a 300 ml Erlenmeyer flask, and add 
50 ml of diluted nitric acid (1+3), 2 ml of sirupy phosphoric acid, 
specific gravity, 1.7, and 0.2 g of potassium periodate, KIO,. Boil 
for 15 to 20 minutes, cool, and dilute to a convenient volume. In 
another flask containing the same amounts of the reagents treated in 
a similar way, match the color by adding a standard solution of 
potassium permanganate. From the volume of the solution of 
hermanganate required, calculate the weight of Mn,P,O, in the residue 
subtract this weight from the total weight, and regard the difference 
as MgoP,O7, which contains 36.21 per cent of MgO. 

Table 1 gives results obtained by this method for magnesia in phos- 
phate rock and in mixtures approximating the composition of phos- 
phaterock. The standard value for magnesia (0.32 per cent) in the 
Bureau of Standards standard sample of phosphate rock, No. 56, was 
btained by twice precipitating the calcium as oxalate in dilute oxalic 
acid solution ® and determining the magnesia in the combined filtrates 
by precipitating as magnesium ammonium phosphate in the presence 

‘ammonium citrate and then igniting to magnesium pyrophosphate. 
Jorrections were made for calcium and manganese. 


‘BLE 1.—Results obtained for magnesia in phosphate rock and in synthetic 
mixtures 





MgO 


found Error 


Material analyzed 
ed 


= 0.12 g Fe2O3+0.12 g Al2O3+0.1 g CaF2+1.65 g Cas g g Per cent| Per cent Per cent 
| Pan kn non anecaiodvhal axnate Bits kay deckciealdioa 0. 04 0. 035 | —0. 005 
..do . 04 - 04 4 





000 
16 . 156 . 005 
om Ey < ‘ . 395 ‘ . 005 
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reise | 0.12 g Fe2O3+-0.12 g Al203+0.1 g CaF2+.0015 g MnO | 
vo g Cas(PO,)2 , . 00% .16 : 01 
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sreseccoclaeeesGO. 
See | 0.12g Fe203+0,12 g Al203+-0.1 g CaF2+0.0045 g MnO 
+1.65 g Ca3(PO4)3 . 0079 ‘ . 395 . 398 . 000 


.32 .& . 00 
. 32 .33 | +.01 
.32 | .31 | —.01 





-| 2.0 g Bureau of Standards standard sample of phos- 
| phate rock No. 56+-0.0092 g MgO 723). | +8 
2.0 g Bureau of Standards standard sample of phos- 


phate rock No. 56+0.0175 g As2O3 .32 | 31 | — 











‘Ifa correction for calcium is to be made, dissolve the residue in 10 ml of diluted sulphuric acid (5+95), 
aporate to about 5 ml, and then add 25 ml of 95 percent alcohol. Allow to stand for one to two hours, 
liter on a small paper, and wash with alcohol. Dry the paper in the funnel and dissolve the precipitate of 
aiclum sulphate in 20 ml of hot diluted hydrochloric acid (1+99). Adda few crystals of ammonium oxalate, 
teat, render the solution faintly ammoniacal, and allow to stand for one-half to one hour. Filter, ignite, 
ed as CaO. Calculate to tricalcium phosphate, Cas(POx,)2, and subtract from the apparent weight 
PMB P9307, 

{calcium is determined in this way, the alcoholic filtrate is used for the determination of manganese. 
Before applying the periodate oxidation, this filtrate must be evaporated and heated until fumes of sul- 
hurie acid appear, and then treated with nitric acid to make sure that reducing substances are absent. 

‘See The Analysis of Phosphate Rock, J. Assoc. Official Agric. Chem., vol. 8, p. 203; 1924. 
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The magnesium that was used in making up the mixtures was added 
in the form of a standard solution of magnesium chloride. The iron 
and aluminum were added as solutions of their chlorides. The Bureay 
of Standards standard sample of fluorspar No. 79 was used as the 
source of the CaF, added. The percentage composition of this sample 
is: CaF,, 94.8; CaCO;, 2.17; SiO, 1.9; Zn, 0.35; Pb, 0.23; S, 0.13: 
Fe,O0;, 0.15; Al,O;, 0.02; MgO, 0.13. The tricalcium phosphate that 
was used contained 0.3 mg of MgO in 1.65 g. Proper corrections were 
made for the magnesia thus introduced. 

The calcium sulphate obtained by precipitation with alcohol in 
analysis No. 5 was dissolved in hot hydrochloric acid and then evapo- 
rated with 6 ml of diluted sulphuric acid (1+1). The precipitation by 
alcohol was repeated and the magnesia determined in the filtrate as 
before. The amount of MgO found was 0.0011 g. This indicates that 
if large amounts of magnesium are present, some is retained by the 
calcium sulphate. Less than 0.005 per cent of MgO was retained by 
the calcium sulphate in the case of phosphate rock No. 56 (analyses 
Nos. 9 to 13). 


III. DISCUSSION OF THE METHOD 
1. DECOMPOSITION OF THE SAMPLE 


A 2 g sample each of Tennessee brown rock (MgO —0.02 per cent), 
Tennessee blue rock (MgO-—0.36 per cent), Florida pebble rock 
(MgO —0.25 per cent), Florida hard rock (MgO—0.05 per cent), 
Wyoming phosphate rock (MgO —0.08 per cent) and Idaho phosphate 
rock (MgO—0.31 per cent)® was decomposed by treatment with 
hydrochloric and nitric acids as described in the preceding section. 
The following test was made to determine the amount of magnesia 
in the insoluble residue: After adding 50 ml of water and digesting, 
the insoluble matter was collected on a filter, washed, and ignited in 
platinum. The ignited residue was brought into solution by treat- 
ing with hydrofluoric and sulphuric acids and then evaporating until 
fumes of sulphuric acid were copiously evolved. The contents of 
the crucible were transferred to a small beaker by means of 25 to 30 ml 
of 95 per cent alcohol, and the calcium sulphate which separated was 
removed by filtration. Magnesium was determined in the filtrate 
by the method above outlined for the determination of magnesia in 
phosphate rock. An average of less than 0.005 per cent of magnesia, 
MgO, was found in the insoluble matter, and in no case did the 
percentage exceed 0.01. 


2. SEPARATION OF CALCIUM SULPHATE BY MEANS OF ALCOHOL 


The results in the table show that the separation of calcium 
sulphate by means of alcohol is very satisfactory for the small amounts 
of magnesium present in phosphate rock and that it is applicable 
even if much larger amounts are involved. The amount of sulphure 
acid specified is the minimum that should be used, because if the 
sulphates become dry and form a cake during the evaporation with 
sulphuric acid, it is difficult to extract all of the magnesium with 





¢ These representative samples were furnished through the courtesy of K. D. Jacob, of the United Stalt 
Department of Agriculture. 
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Jed alcohol. There is less danger of calcium sulphate running through 
ron (athe filter if a little sulphuric acid is added to the alcohol used for 
say Mewashing and if the filter is not allowed to run dry. The presence of 
the Meconsiderable amounts of organic matter, such as are found in some 
ple samples of phosphate rock, does not adversely affect the separation. 


hat 3. PRECIPITATING MAGNESIUM AS MAGNESIUM AMMONIUM 
von PHOSPHATE 


In order to avoid tedious separations, it is desirable to precipitate 
the magnesium in the presence of the iron and aluminum. About 
P0- HM » of citric acid must be added to hold in solution the amounts of 
by these elements that may be expected in phosphate rock. In such 
8S Molutions it is difficult to precipitate small amounts of magnesium 


in 


™ ammonium phosphate. In some cases complete precipitation is not 
« obtained even if the solution is vigorously stirred or shaken mechan- 
Y Bically, but if the solution is shaken in a flask containing a few glass 
'SeS 


beads, complete precipitation can readily be had. The precipitate 
thus obtained is very finely divided, which necessitates the use of a 
very tight filter. The most satisfactory filtering medium consists 
of a tight paper containing some fine paper pulp. Glass beads are 
not used in the second precipitation. 

If small amounts of magnesium, such as are likely to be encoun- 
it), Metered in phosphate rock, are precipitated as magnesium ammonium 
yck Mphosphate in the presence of ammonium citrate without agitation, 
it), fea few hours are sometimes required before the crystals begin to 
ate Meseparate. These transparent crystals adhere to the beaker and 
ith H§sturing rod and are slightly soluble in the ordinary wash solutions. 
on. li they are broken in transferring them to the paper, more will 
sia Mpdissolve in the wash water than if they remain undisturbed. 
ng, If manganese is present in a solution in which magnesium ammo- 
| in (uum phosphate is precipitated, it is quantitatively precipitated under 
at- Mgthe usual conditions such as are outlined for the last precipitation, 
nti] #but if citric acid is added, as in the first precipitation, less than one- 
of @fthird of the manganese accompanies the magnesium when the two 
‘ml (re present in the proportions usually found in phosphate rock. 
vas his quantity is not constant, and it is necessary to determine the 
ate Mmanganese in the ignited residue that is finally obtained. If it is 
1 in @nown that the phosphate rock contains less than 0.02 per cent of 
sia, Manganese oxide (MnO), the correction may be neglected. 
the 
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COLLISIONS OF THE FIRST AND SECOND KIND IN THE 
POSITIVE COLUMN OF A CAESIUM DISCHARGE 


By F. L. Mohler 


ABSTRACT 


The power input minus the power lost by recombination at the tube walls 
measures the number of quanta dissipated by inelastic collisions at the resonance 
potential, 1.42 volts. For low-pressure low-current conditions this is equal to the 
number of collisions C; 2 and the effective area for a collision is 


q12=5.4+.6X10- cm? 


At higher pressures and currents collisions of the second kind give energy 
back to the electrons and the number of quanta dissipated is C; C2 ; where 
(,;is the number of collisions of the second kind. This gives a basis for com- 
puting the number of excited atoms n:,. The value of m2 can also be measured 
spectroscopically by analysing light from an incandescent lamp passed through 
the discharge and finding the lamp temperature 7, at which absorption lines 


match the background. T', is nearly the electron temperature, confirming the 


evidence that collisions of the first and second kind become nearly equal in 
number. 

The measured radiation intensity is equated to the radiation at a temperature 
T;, over a Spectrum range Ad to find AA. This effective width of the resonance 
lines ranges from 0.6 to 19 A between 0.006 and 0.35 mm pressure. At constant 
pressure the radiation is proportional to n, and the ratio gives the depth of the 
layer of vapor from which the radiation comes; 0.003 to 0.001 mm in the above 
pressure range. 
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I. INTRODUCTION 


In a recent paper I have reported measurements of power input 
and power losses in the positive column of a cesium discharge.! The 
experimental material included radiation measurements and measure- 
ments of probe characteristics for a wide range of currents and 
pressures in tubes 1.8 cm in diameter. The present paper uses 
these measurements as a basis for a study of the atomic processes 
involved in the dissipation of power. It was found that in general 





CFG, Mohler, Power Input and Dissipation in the Positive Column of a Cesium Discharge, B.S. Jour. 
Kesearch, vol. 9 (RP455), p. 25, July, 1932. Referred to as RP455 in the text. 
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the radiation is an important part of the power loss and that mo 
of the radiation is in the first doublet of the principal series at 8 5: 
and 8,944 A. The excitation potential is 1.42 volts, and it is Se. 
from critical potential experiments? that this excitation gives thy 
predominant type of inelastic collision in cesium. This justifies th 
approximation that the power input is expended in inelastic collisioy 
at the first resonance potential and in ionization, and that othe 
excitation processes are negligible. This view of the power logs has 
been proposed and critically examined for the case of the merc uy 
positive column by Killian.* 

I will assume that the power lost by inelastic collisions at the firs 
resonance potential is equal to the power input minus the power los 
by recombination of ions at the walls; P-W per centimeter of th 
column in the notation of RP455. For low pressure low current con 
ditions this is practically equal to the radiation loss and is entir¢ 
justified; but, at the other extreme, my assumption becomes rathe 
arbitrary. If ionization by collision with excited atoms is important 
then part of the loss W is at the expense of inelastic collisions. 
recombination in free space is important, then W does not accow 
for the full ionization loss. The energy per collision or per quantur 
is eV,=2.26X10~” joules, where V, is the excitation potential; an 
the number of quanta dissipated is (P—W)/2.26 x 10-” per centimete 
of the column per second. 

The number of inelastic collisions per centimeter of the column pe 
second, C; 2, can be expressed in terms of the effective collision ar 
q; 2 of an atom for such a collision. 


Ci 2= q1 oN me Ff (v) 


where N, is the number of electrons per cm of the column, 1, is th 
number of atoms per cubic centimeter (accurately the number in th 
normal state), v, 1s the electron velocity and f(v) is the fraction 0 
electron-collisions with kinetic energy greater than eV,. The electron 
have a Maxwell distribution of energy, here expressed in terms 0 
Vo, where 

eV,>=kT=2/3 mean energy 


Introducing for f(v) the integral over energies between V,e¢ an 


C . ( 2 Nen v ( | si ) exp( 7 ) 
i . 0 ; | 0 


The probability of an inelastic collision is a function of V whie 
rises abruptly from zero at Vz to a maximum very close to Vp al 
then decreases less abruptly over a range of several volts.* —q; 2 is th 
integrated effect of all electrons of a Maxwell distribution whic 
exceed Vz and so it is a function of V) which presumably increas 
with decreasing V5. 

From the above remarks it seems to follow that the number‘ 
collisions is equal to the number of quanta dissipated. 


Gs P- W) )/2. 26x 107" 


? Foote, Rognley, and Mohler, Phys. Rev., vol. 13, p. 59, 1919. 
3 Killian, Phys. Rev., vol. 35, p. 1238, 1930. 
‘ Darrow, Electrical Phenomena in Gases, Williams, Wilkins Co., 1932. 
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t will be shown that this identity is not justified except for low pres- 
ures and currents. Electron energy expended in producing excited 
toms may be given back to the electrons by collisions of the second 
ind so that in general the power dissipated is less than QC, x 2.26 
10°" watts. In general, 


C12—-C, i= (P-W) /2.26 x 107” (3) 


vhere C, , is the number of collisions of the second kind per centimeter 
yf the column per second. 





II. EXPERIMENTAL PROCEDURE 







The type of discharge tube was illustrated in RP455 (fig. 1). It 
yas a termionic discharge in a tube 1.8 cm in diameter. Commonly 
here were two small probes near the axis and 12 cm apart to measure 
he voltage gradient, electron energy and electron concentration; 
snd a disk electrode against the wall to measure the flow of ions to 
he wall. The caesium was in a side tube, maintained at a lower 
emperature than the body of the tube. Vapor pressures were com- 
buted from the temperature by the relation ® 














9) 
log p (mm) =— So +7. 1650 



















The temperature measured by a thermocouple in contact with the 
ube wall in the region of the positive column was taken as the gas 
emperature in computing the number of atoms, 7. 

The discharge is characterized by exceptionally low electron speeds 
‘th@ind high electron concentration. This makes the precision low, and 
thin added difficulty is the electrical leakage over the cesiated glass 
n g™purfaces. The high electron concentration necessitates the use of a 
ro@m™pmall probe surface. The leakage was greatly reduced by avoid- 
s i™gng a close fit between the insulator and the probe but this leaves the 

lective collecting area uncertain. Two sizes of probe were used to 

over the range of electron currents obtained; platinum wires 2 mm 
ong and 0.4 mm in diameter, and wires of this diameter cut off 
lush with the insulator. 

Figure 1 (taken from RP455) shows curves of the log of the probe 
serve versus voltage relative to the anode for the two small probes 
2cm apart. The experimental points negative to the space poten- 
ia (the intersection of the two lines) fall on a straight line showing 
hat the electrons have a Maxwell distribution. The electron energy 
01s given by the relation 


Vo= (V2— V;) log e/(log Z,;—log I2) 












‘he experimental uncertainty is about 0.02 volt and, as Vo may 
ave values as low as 0.2 volt, the percentage error is high. Recog- 
zed sources of error tend to make V, too high. The value of Vo 
t the tube wall is nearly the same as at the axis. 

The random current density at the center of the tube, i, is given 
Di y the current at the space potential divided by the collecting area 





'Ro a tS aes 


owe, Phil, Mag., vol. 3, p. 534, 1927. 
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For the 2 mm probes the measured area 0.0257 cm’ was used and th 
effective area of the wire, cut off flush with the insulator, was obtaing 
by comparison with the 2 mm probe. This area 0.002 cm? is greate 
than the end of the wire because the edge is not completely insulate 
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VOLTS RELATIVE TO ANODE 
Figure 1.—Probe characteristics for two small probes 12 cm apart at the 
axis of the positive column 


from the discharge. The number of electrons per cubic centimete! 
is given by the relation 


Ny = 2.51 X 10%ip/v, 
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he space current decreases from the tube axis to the walls and the 
variation of current density across the diameter of the tube is roughly 
arabolic.© Two rather inaccurate experiments give a basis for 
stimating the total number of electrons per unit length of the tube 
rom %. Comparison of the currents to a probe at the axis and a 
fine wire extending the full length of a radius gave the mean current 
ensity along the radius as 0.815 %. Assuming a parabolic distri- 
jition, the mean current density over the cross section is 0.72 %. In 
the second experiment the currents to similar probes at the axis and 
he walls were compared, and the value 0.325 7% for current density 
nt the wall leads to a mean current density across the tube of 0.66 
|, on the basis of a parabolic distribution. These experiments showed 
no systematic variation of distribution over a considerable range of 
pressure and current. The theoretical distribution for the case of 
jow pressure and ionization proportional to the electron concentra- 
tion gives a mean current density of 0.7 %.’ I will use this value as 
it is consistent with the experimental values though the conditions 
do not conform to the sankalidies of the theory. Since », is constant 


N,=0.727r*no 


Where r is the tube radius. 


III. COLLISIONS OF THE FIRST AND SECOND KIND 


Assuming that the number of inelastic collisions is equal to the 
number of quanta dissipated, neglecting collisions of the second 
kind, equations 1 and 2 give 


u2=(P- W)/| 2.26 x 10-19) aman + 1 )exp(- 1) | (4) 
0 ; 0 


Values of q; 2, computed on this basis from measurements at low pres- 
sures, are plotted in Figure 2 as a function of the discharge current. 
For pressures 0.003 and 0.0016 mm, there is a range of current, 0.5 
amp and less, in which the value does not seem to depend on the cur- 
rent. There were 12 measurements in this range (some points in 
a 2 represent means of several measurements) which give a mean 
value 
oe ia 5.4+.6X107'em? 


Any dependence of g;2 on Vo was concealed by the large experi- 
mental error; but, in view of the comparatively small range of values 
of V,, this value can be used to give at least a rough estimate of the 
number of inelastic collisions under all conditions. 

Brode’s * measurements of the scattering of electrons by cesium 
atoms give a value for the effective scattering area for 1.42-volt 
electrons of 56 X107'.em?. There are no direct measurements of q >. 
Loveridge ® has obtained values for sodium and potassium based on 
absolute measurements of the radiation excited by a beam of elec- 
trons of uniform speed. His maximum value is about 1 per cent of 





: Killian, Phys. Rev., vol. 35, p. 1238, 1930. 

‘Tonks and Langmuir, Phys. Rev., vol. 34, p. 876, 1929. 
, R, Brode, Phys. Rev., vol. 34 p. 673, 1929. 

‘ Loveridge, Univ. of Cal., Thesis, 1931. 
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the scattering area found by Brode. The experiment is extremely 
difficult and the uncertainty even greater than for the method used 
here. My value for cesium is 10 per cent of the scattering area and 
this is an average value and not a maximum. 

An examination of equation (4) shows the correlation between the 
curves of Figure 2 and other variables. At constant pressure the 
important variables are N, and the exponential factor involving \, 
A curve of V», as a function of current is included in Figure 4. \V, 
increases roughly as the square of the current and up to 0.5 amp at 
0.003 mm the decrease in V) compensates for the increase in N, to 
keep the value of q, 2 constant. With higher currents, Vo is constant 
and the increase in JN, gives a decrease in q 2 that is entirely incon- 
patible with the assumption that it measures a collision area. This is 
the case at all currents for higher pressures. 





x 
+15 x 0016 mm 
6x10 + i 
5 °o 
€ 
vo 47 
c 
44 
N 
oO aT 
. 

















1 1 
naan: a © GP BS UW 
Current in amperes 


FIGURE 2.— Values of q: 2 computed by equation (1) assuming that C; » 
is the number of quanta dissipated 


The difficulty is removed by the recognition that collisions of the 
second kind become increasingly important at higher currents. 
Figure 3 shows the data at 0.003 mm presented in accord with this 
idea. ©,, is the number of collisions of the first kind as given by 
equation 1, and C,,—C,, gives the number of quanta dissipated 
as given by equation 3. The two curves are nearly coincident up 
to 0.5 amp and above this point rapidly diverge with C;» pwd 
proportional to N,. At high pressure it increases somewhat faster 
than N, over the entire range of current. The number of collisions 
of the second kind, C;,, is given by the difference between the two 
curves and it rises from a negligible quantity at 0.5 amp to 0.6 (, 
at 1 amp, 0.8 C; 2 at 2 amps and 0.9 C,,at3 amps. The predominant 
process at high currents is a reversible interchange of energy between 
the atoms and the electrons without dissipation of power. 

The number of collisions of the second kind is expressed by ai 
equation analogous to equation 1 









O21 = q2 Nena, \o 
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where g2; is the effective area of the excited atoms and nz, is the 
number of atoms per cubic centimeter in the excited state. 2, can 
he computed from q:2 by the principle of detailed balance which 
states that in thermal equilibrium between cesium atoms and elec- 
irons C,; must equal C,». Equations (1) and (5) are applicable to 
the equilibrium state at a temperature 7'= V,/11,600. In equilibrium 
n is given by Boltzmann’s equation 


na= 2 ny exp (—Va/Vo)=3m exp (—1.42/V) (6) 
1 


where g. and g; are the weights of the 2P, » and 1S, states, respectively. 
Equating (1) and (5) and eliminating nz by equation (6) gives 


_N Vr 4% ) (7 
q2 1 Baa 1 (7) 
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Figure 3.—The number of collisions of the first kind and the number dissipated 
per cm of the column (left scale); the number of elecirons per cm (right scale) ; 


from measurements at 0.003 mm pressure 


This is not the usual form of the Klein and Rosseland relation.’ It 

is the equation applicable to all electrons of the Maxwell distribution 

and not to the particular speeds corresponding to Vy) and Vp+ Vo. 
Equation (5) now becomes 

Vr 


: fie (7 +] ) Nn, (8) 


oO 


Y 
C21= 


This equation and equation (1) can be used to evaluate nz from the 
measured value of C,.—C,,. I will first give some direct experi- 
mental evidence as to the concentration of excited atoms. 


Klein and Rosseland, Zeits. fiir Phys., vol. 4, p. 46, 1921. 
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IV. THE NUMBER OF EXCITED ATOMS 


A direct measure of the number of excited atoms can be obtaine) 
by a spectroscopic method which has been applied to measure flame 
temperatures. Light from an incandescent lamp is passed through the 
discharge and analyzed by a spectrograph. The resulting spectrum 
will show the cesium absorption lines either as dark or bright lines, 
depending on whether the lamp temperature is above or below , 
critical temperature 7',, here called the reversal temperature. Hed- 
wig Kohn " has shown that 7, for a line emitted in a transition be- 
tween states 2 and 1, differing in energy by £2 ,, is related to the rela- 
tive number of atoms in the two states by an equation identical in 
form to Boltzmann’s equation 


No/M = (G2/gi) exp (— Hp 1/kT,) (9) 


where the g’s are the weights of the two states. The only assumption 
is that n/n; has a definite value along the light path. In equilibriun 
all lines reverse at the same temperature, but in general they do not. 
The strength of absorption, the length of path, and the resolution of 
the spectrograph influence the accuracy of the setting but not the 
value of 7;. 

Light from a tungsten strip lamp passed diametrically through th 
discharge tube and was focused near the axis. The image was fo- 
cused by a second lens on the slit of a 3-prism Steinheil spec int 
The brightness temperature of the image in the tube was found by 
measuring the apparent temperature with the tube in place and 
with the tube removed by means of an optical pyrometer. 

Photographs of the spectra show the reversals of the 2P,, doublet 
clearly with pressures above 0.01 mm and at higher pressures 7°, for 
3P;2 was measurable. With pressures above 0.08 mm the tempera- 
ture falls in the range attainable with a strip lamp. The range was 
extended by the device of keeping the discharge on for only a fifth or 
a tenth of the exposure time. If S is the lamp temperature 


1 _log R 


1 
ST, 7,320 


where BR is the ratio of total exposure to the time the discharge is on. 
The method was checked in the range where 7’, could be obtained by 
the lamp, but theoretically it is open to objection. The discharge 
lowers the vapor density so that 7, is not the same as with the discharge 
off. 

At the higher pressures the line at 8,521 A showed a sharp self- 
reversal which did not disappear at 7;. The resolution of 8,944 was 
less and it disappeared over a range of temperature of 50° or 100° 
The failure of the method with high resolution and the range o! 
uncertainty with low resolution comes from the variation of 1/7 
across a diameter. 

In Table 1 and Figure 4 reversal temperatures are expressed in 
terms of electron volts (V; = T,/11,600) for comparison. with values o! 
V, measured electrically. The experimental error in Vo is considerat oly 
larger than the inherent uncertainty in i“ zr. In equilibrium V,=V 


11 Kohn, Phys. ites. wah, 29, p. 49, 1928. 
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and under actual discharge conditions V; must be somewhat less than 
y, and the difference should decrease with increasing current and 
pressure. ‘The observed differences are in the right direction, but the 
variation with current and pressure is not systematic. All differences 
fall within the range of the estimated error in V, so there is little basis 
for computing the departure from equilibrium. Reversals could not 
be measured at the lowest pressures where a large difference is to be 
expected. ‘The small difference between values of 7, for 2P and 3P 
is real and shows that the number of atoms in the 3P state is further 
from the equilibrium value than the 2P state. 

The results confirm the prediction that at moderate pressures and 
currents there is nearly an equilibrium between the electrons and the 
utoms in the first excited state. Or accepting this view they give a 
desirable check on the electrical method of measuring electron tem- 
peratures. Values from curves of Figure 4 (the upper one where there 
are two) will be taken for Vo in the following computations. 


TaBLE 1.—Hlectron temperature and reversal temperature in electron volts and the 
number of excited atoms 





= ; ; 4 | M2 
Pressure | Current | Vo 2 : ns (2P) 
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| | 
mm | Amp. | Volts 
0. 35 0.5 | 0,185 
| . 200 


] 
2 217 


.175 
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. 220 
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The actual values for the number of excited atoms can best be 
computed from the value of C,.—(C,, with C,, and C,, as given by 
equations 1 ands. 


V. V;, 1 
QC, 2— C21=% Nolo + 1) | m exp ( — v)- | 


Ny, = 10'2—3(C, 2-C; mE Vive (y+ 1)| 
0 


where 


n’,=3n, exp ( — vw) 
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Equation 10 gives the number of excited atoms in terms of the 
number that would exist in equilibrium at the electron temperature 
minus a term that becomes very small for high pressures and currents, 
Thus the fact that experimental uncertainties in the term on the 
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Figure 5.—The number of excited atoms in the 2P,. states 


Full lines are the number that would exist in equilibrium at the electron temperature; broken line 
give the actual number as estimated by equation 10. 
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right may become large under these conditions does not seriously 
»fect the conclusions. 

In Figure 5 the solid lines are values of n’, computed from Vo as 
riven in Figure 4. The broken lines are values of n, as given by 
quation 10. The values of n’, increase slowly with pressure, the 
quilibrium concentration n’,/n, decreases. For 0.5 amp it ranges 
rom 3.4X107? at 0.003 mm to 7X107~* at 0.35 mm. Table 1 
neludes values of the ratio n/n’, which is a measure of the approach 
» equilibrium and Figure 6 shows this ratio as a function of the 
urrent. Dots are computed by equation 10 and are fairly accu- 
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FiagurE 6.—The ratio of the number of excited atoms to 
the equilibrium number measuring the approach to equi- 
librium as a function of current 


Dots are based on equation 10 while crosses are computed from the as- 
sumption that m2 is proportional to the radiation intensity. 


rate as the ratio approaches 1. The values become indeterminate 
ut low current because of arbitrary assumptions in the derivation 
of 10. It will be shown in the following section that n2 is roughly 
proportional to the intensity of the radiation, and the crosses in 
figure 6 have been computed on this basis from a single high-current 
value of nm, as given by equation 10. The rapid decrease in the 
ratio at low current comes in large part from the increase in n’, 
lable 1 includes some values of the ratio n;/n’; for the 3P, » state. 
This is derived from the tabulated values of n,/n’, and the difference 
in T, for the two doublets. 


137718—32———4 
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V. RADIATION INTENSITY AND REVERSAL 
TEMPERATURE 


The luminous cesium vapor is transparent except at the absorptip, 
lines and over the width of the lines it is completely opaque. Thy 
cesium radiation may be considered as the radiation of an incande. 
cent body at the temperature 7'; which has zero emissivity except 
at the resonance lines. (The contribution of other lines is negligible 
The radiation per cm’ can be expressed in the form of Wien’s law: 


J = C;\ exp (— V r/V xz) AX 


where \ is the mean value for the two lines and Ad is the sum of the 
widths of the lines. Table 2 gives values of AX computed from meas. 
ured values of 7’, and of the total radiation as given in RP455. This 
effective width is about the same as the apparent width of the line 
on the spectrograms though the dispersion was too small for an a. 
curate comparison. It is nearly constant at constant pressure, » 
the increase in J with current comes from the increase in 7';. Since 
Wien’s law and Boltzmann’s law have the same form, the radiatioy 
is proportional to the number of excited atoms per cubic centimeter 

At constant current J remains nearly independent of pressure 
The decrease in 7, with increasing pressure compensates for the 
increase in AX. The radiation does not remain proportional to n, for, 
because of the increasing opacity, the radiation comes from a smaller 
depth of the vapor at higher pressure. ‘This depth can be estimated 
as given below. 


TABLE 2.—Effective line width and effective depth of radiating vapor 





| | | 
} 035mm | 0.16mm | 0.076 mm | 20126 mm } 0.0056 mm 








| 

0.2 ampere . -| aeanaeaa eae 8.5 A 5.6 A 1, 25 0.55 A 
0.5 ampere- 2 - 20 +A | 9.35 A 5. 64 A 1. 48 . 603 
1.0 ampere _-__- | 186A | 9.45 A 5.5 A 1, 37 625 A 
2.0 amperes.........--| 17.8 A | 9.0 A 5. 86 A 1. 52 725 A 
AA mean sqacccsl AS | 9.054 565A | L40A_ | 626 
Arinem.......-..-.--| 1.22x10-* | 1.42x10-? | 1.62x10-3 | 2.28K10-3 | 3.1Xx10 
AAX 10-12 | 2.6 | 2.3 2.5 | 2.8 | 1.9 
Or Xn | | 

| 








The rate of radiation of atoms in the 2P, » states is very closel) 

that of a classical oscillator of the frequency of the cesium lines” 
» nt ge 
A=s~"* =2.8x 10’ per second 

The radiation from n. atoms is then 2.8 x 107 mn; quanta per second. 
The measured radiation per square centimeter, divided by this num- 
ber, gives the volume or the depth from which the radiation comes. 
Values of this effective depth, Ar, are included in Table 2 and range 
from 1 to3X10-° cm. The ratio Ad/Ar should be proportional to the 
number of atoms per cubic centimeter. The last row of the table 
shows that this proportionality holds except perhaps for the lowest 








12 Handbuch der Phys., vol. 20. 
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VI. DURATION OF EXCITED STATES 


While the radiation life of an excited atom is 1/A=3.56x 107° 
‘conds, the duration of excitation within the discharge tube may be 
juch longer than this. The radiation will be absorbed and reemitted 
1 a distance comparable with Ar computed in the preceding section. 
{ this experimental quantity is taken as the mean free path of a 
nuantum of resonance radiation, then the time of diffusion of re- 
onance radiation out of the cylindrical tube will be— 


7,=0. 75 (r/Ar)* X 3.56 X 107° =0.015 to 0.0025 second (11) 


sing extreme values of Ar. This can only be right in order of 
nagnitude because of the approximations used in the derivation of Ar. 

The actual duration of the excited state in the discharge, 7, will be 
horter than this because of collisions of the second kind. This 
ime can be computed by equating the number of excited atoms to 
he rate of production times the duration— 


nN. = C,2 t/vol (12) 
[he time between collisions 72; is given by the relation— 
1/T21= ar N.v./vol (13) 


Some values are given in Table 3 and it is seen that except at low 
currents and pressures 7 and 72; are nearly equal and by equation 13 
inversely proportional to NV, which has a large range of values. The 
extreme value of r=3.8X 107° is nearly equal to the radiation life 
which means that in the 4 amp discharge the duration of an excited 
state is reduced to half its normal value. 


TABLE 3.—The duration of excited states and the time between collisions 




















Pressure | Current | T 721 70 
| mm Amperes 
0. 003 2 0.58X10- | 0.70107 3.3X10% 
| 1 1. 54 2. 65 3.7 
| 5 3. 24 12 4.4 
15 4.95 90" 5.2 
. 0126 2 25 . 264 5.0 
1 77 88 5.9 
| 5 1. 90 3.0 5.9 
| .076 4 fae COSC en ee ame 
| 2 098 .101 3.3 | 
| 1 28 30 4.0 | 
| 325 | 2 | .oo 098 2.5 
| 1 | 24 . 26 2.9 











The duration of an excited state in the absence of collisions of the 
second kind 7, is given by— 


he aR (14) 


To..:7) . Fas 


It can be shown that 721/7=1'2/n2 So that the small quantity 1/7) can 
be evaluated by equation (14) in spite of experimental errors in + 
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and 72; The values 7) which remain of the magnitude 5x 19: 
seconds for all conditions are much smaller than the diffusion times , 
given by equation 11. Possibly collisions of the first kind wit) 
excited atoms are a more important factor than diffusion. However 
the diffusion time and 7» are quantities of secondary importance j; 
the discharge and, as the theory has been limited to first-order ap. 
proximations, conclusions as to second-order effects are scarcely 
legitimate. , 


VII. KILLIAN’S MEASUREMENTS ON THE MERCuRy 
POSITIVE COLUMN 


Killian has published a detaile dstudy of electrical conditions in , : 
mercury discharge in a tube 6.2 cm in diameter with a constant cw.J ,; 
rent of 5 amps at three pressures. The precision is presumably much ¢ 
higher than that obtained with cesium. The dissipation of power 
apart from recombination is ascribed by Killian to inelastic collision a 
at 4.9 volts. In Table 4 I present the essential data and the result " 
of computations such as have been made for cesium. The effective 
collision area g;2, computed by equation 1, is far from constant and! 
assume that the low-pressure value is correct and that collisions of thei V. 
second kind are important at the higher pressures. In mercuy 
there are three low-excitation potentials at 4.66, 4.86, and 5.43 volts 
giving the states 2°P,, 2°P,, and 2°P, of weights 1, 3, and 5. Thi. 
assumption that the three states are in their equilibrium ratio lead {i ™ 
to values of the number of excited atoms which seem unreasonably im * 
high and there are other good reasons to doubt that 2°P, is populated 7 
in proportion to its weight. If most of the atoms are in 2 Py and 2 P, 
populated in the ratio of 1 to 3— . 

] 4.9 7 i 
q2i= 12 a7 +1) (1d -¢ 
qd 4 q V, Ve 

t 
TABLE 4.—Collisions of the first and second kind in mercury pr 
= ee eee Tee in 
| 

0.0002 mm 0.001 mm | 0.0053 mm of 
| th 

% = neti op shemefdodhennetne ae 
Atoms/cm! | 0.6110! | 3.11013 | 16. 1X10", In 

_ =o } 1.1110" | 2. 181012 | 4. 571012. v9 

a | 3.27 volts__.. | 2.37 volts... -- | 1,71 volts. ‘ 
CQ) -C31.---- .-| 0.311018 | 0. 9610! | 1.7110". en 

rt emer hte | 0. 6810-1 em?___-| (0. 355X10-!) | (0. 1210-15) 7 

ye insitels , Cillian ts | 0.521075 em?___.| 0. 6610-5 cm ' 
Excited atoms per cm}, nz | 0. 5010!8____ | 2. 46X 1013, no 
Normal atoms, 71_---- . | 2.61013 | 13. 61013. ; 
Duration, r__- -- ah 0. 97X 10-4 seconds -| 0. 905X 10-4 seconds CO 
Time between collisions, 72 ; : = --| 2. 5610-4. - | 1. 14X10-4. 
Duration, ro. -----_-- cere Baal -| 1. 5610-4 | 4.3510~. ; 
(Inclusion of 2°P, changes % to %.) With this rether arbitrary i‘ 
assumption, the tabulated values for the number and duration 0M 
excited atoms are derived. n/n, is so high that n; is appreciably les it 


than the total number of atoms. At the highest pressure the duri- 
tion of excited states is nearly equal to the time between collisions 0! 
the second kind and the concentration nz has reached nearly ts 
equilibrium value. 





8 Killian, Phys. Rev., vol. 35, p. 1238, 1930. 
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The computed value of 7), the duration in the absence of collisions, 
can be compared with direct measurements of the duration of 2°P, 
and 2°P, atoms. Couilette '* has measured the diffusion time of 
Pp, atoms between concentric spheres 3.17 cm apart and finds the 
time 2.5 X 107~* seconds at 0.0013 mm and 5 X 10~‘*seconds at 0.0051 mm. 
The conditions are roughly comparable with Killian’s conditions and 
the diffusion times are seen to be almost equal to the two values of 7. 
Measurements of the diffusion time of resonance radiation which 
sive the duration of 2°P, lead to values of the order of one-twentieth 
of this.’ 

The agreement between the computed values of r) and the observed 
diffusion time of 2°P) atoms implies a predominance of 2*P) atoms in 
contradiction to my assumptions. Actually the number of atoms in 
Pp, must be more than a third of n; and the values for m2, 7 and 7 
will be somewhat less than in Table 4. Apart from this minor com- 
plication, the results are consistent with the view that collisions of 
the second kind play an important part in the mercury discharge, 
even with low pressures and current densities.’® 


VIII. MEASUREMENTS OF KOPFERMANN AND LADEN- 
BURG ON THE NEON POSITIVE COLUMN "” 


Studies of the anomalous dispersion of excited neon give detailed 
information as to the concentration of different excited states under 
a wide range of conditions. Measurements were made on the tran- 
sitions between the lower states 83, s4, 8;, and the various p states 
Paschen notation). The lower states are analogous to the 2°P states 
of mercury but in inverted order. The concentrations of these 
states approach constant values in the equilibrium ratios with a 
current density of about 0.1 amp/cm‘ fora pressure of 1mm. Only at 
very low currents is there a marked preponderance of the metastable 
states as compared with the radiating state. With increasing 
pressure up to 9 mm the equilibrium is attained at lower currents 
in accord with the results with cesium, but unlike cesium the number 
of excited atoms decreases with increasing pressure. Only with 
the highest current density, 1.4 amp/cm’, is the number of atoms 
in the higher states near the equilibrium value. The equilibrium 
value for the p states at 1 mm pressure corresponds to an electron 
energy V)=2 volts while the s states correspond to values between 
1.6 and 1.85 volts. Measurements of electron energies in the neon 
positive column’® give values within this range for comparable 
conditions of pressure and current. 





 Coulliette, Phys. Rev., vol. 32, p. 636, 1928. 

's Webb and Messenger, Phys. Kev., vol. 33, p. 319, 1929. 

'’ Latysceff and Leipunksy, Zeits. f. Phys., vol. 65, p. 111, 1930, give direct measurements of collisions of 
the second kind in mercury. The demonstration of the effect is very convincing, but their estimate of the 
absolute value of the probability is based on an assumed value of the number of excited atoms which is 
certainly far too high. Their value of the probability is much lower than that deduced from Killian’s 
measurements. Published estimates of q:, : cover a very wide range of values and are, in general, much less 
thani deduce. Killian’s experimental data can not be wrong in order of magnitude and the assumptions 
Ihave used tend to give a value of q: 2; that is, too low rather than too high. 

: Kopfermann and Ladenburg, Zeits. f. Phys., vol. 48, pp. 15, 26, 51, and 192, 1928. Zeits. f. Phys., 
Vol. 65, p. 167, 1930. 

' Seeliger and Hichert, Ann. der Phys., vols. 5-11, p. 817, 1931. 
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IX. CONCLUSIONS 


In a cesium positive column with pressures above 0.006 mm ther 
are simple relations between the electron temperature 7’, the number 
of excited atoms, m2, and the radiation intensity. The number of 
excited atoms in the first excited state is nearly equal to the number 
which would exist in equilibrium at a temperature 7,. With increas. 
ing current 7, and nz slowly increase and the radiation intensity 
remains proportional to m:.. The electron concentration and _ the 
number of collisions of the first kind increase greatly, but the number 
of collisions of the second kind increase at an equal rate and the only 
primary effect is to reduce the life of the excited states. With 
increasing pressure, 7’, and the concentration of excited atoms 
decrease while n, gradually increases. The radiation remains nearly 
constant. 

The studies of Kopfermann and Ladenburg of anomalous disper. 
sion in the neon positive column and my deductions from Killian’s 
electrical measurements in the mercury positive column indicate 
that the relation between the number of excited atoms and 7’, are 
qualitatively similar for neon, mercury, and cesium. These atoms 
are extremely different in structure and one can conclude that the 
relation is quite general. While the approach to equilibrium con- 
centration occurs at low current for the first excited state (or close 
group of states) it requires high currents to approach equilibrium 
in the second states. Thus there is no reason to expect a distribu- 
tion of intensity in the line spectrum (in a series of lines, for instance 
that is simply related to the electron temperature. 


WASHINGTON, June 13, 1932. 
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THE AREAS AND TENSILE PROPERTIES OF DEFORMED 
CONCRETE-REINFORCEMENT BARS 


By A. H. Stang, L. R. Sweetman, and C. Gough 


ABSTRACT 


In order to compute the yield point and tensile strength of a deformed rein- 
forcement bar from tensile tests, the crosss-section area must be known. Four 
practical methods of measuring this area have been studied. The determination 
of the weight and length of a bar (assuming a density of 0.2833 lb./in.*) and the 
measurement of the volume of liquid displaced by a bar of known length gave 
results about ten times as consistent as those obtained with a micrometer or a 
planimeter. The first method is considered the most practical. 

Specifications for deformed bars permit the tests of bars which have been ma- 
chined to a cylindrical cross section. Data are lacking as to the comparative 
tensile properties of machined and unmachined specimens. Tensile tests were 
therefore made on bars having the original lugs, bars from which the lugs had 
been filed and bars which had been machined to a cylindrical cross section. The 
results of these tests showed that the yield point and tensile strength were in- 
creased slightly by filing and more by machining, but that the differences were 
too small to warrant the cost of machining the specimens. 
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I. SCOPE AND PURPOSE OF THE TESTS 


_ Specifications ' for deformed concrete-reinforcement bars list limit- 
ing values of the stress (lbs./in.”) at the yield point and the tensile 
strength of the bars. When reinforcing bars are tested the load in 
pounds at the yield point and the maximum are observed. The 
stresses are then computed by dividing the load by the original cross- 
sectional area of the bar and compared with the values given in the 
specification. 








' United States Government master specification for bars, reinforcement, concrete, Federal Specifications 
Board Specification No. 350a. American Society for Testing Materials standard specifications for billet- 
steel concrete reinforcement bars, A. 8. T. M. designation: A-15-13 and standard specifications for rail-steel 
concrete reinforcement bars, A. 8S. T. M. designation: A-16-14; A. 8. T. M. standards, 1930, Pt. I, Metals, 
pp. 131 and 135, respectively. 
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The specifications are drawn up for the purpose of insuring tha; 
the bars shall have adequate strength, that they shall be made of , 
suitable quality of material, and, in addition, that the purchase; 
shall not be required to pay for an undue amount of overweight in 
delivery. The msuring of adequate strength does not require the 
specification of the ‘‘yield point”’ or ‘‘ tensile strength”’ of the materi! 
in the bars. This purpose would be equally well, if not better, served 
by making use of the principles of specifications already applied to 
manila and wire rope, specifying for each nominal size a “ minimuy 
yield load”’ and a “‘minimum tensile load.’”’ That, in fact, is the 
form in which the designer will use the specified values, regardless 
of the particular manner in which they are expressed in the speci. 
fications. 

II. THE SPECIMENS 


Deformed bars used in this country vary in size from \ to 1% inches, 
One-half inch and 1-inch bars, both round and square, were selected 
for these tests in which four types of deformation and three grades of 
steel were used. (See Table 1.) The rail steel bars were donated 
by the Buffalo Steel Co. The other bars were purchased from 
commercial stock., 

Twenty-four bars were used in the tests. Beginning at one end 
of a bar, 12 test specimens were cut in sequence, Al, Bl, Cl, D1: 
A2, B2, C2, D2; A38, B38, C3, D3. The A specimens were 12 inches 
long, the others 20 inches. They were used as follows: 

Type A, for area and density determination. 

Type B, for tensile test, as received. 

Type C, for tensile test after the lugs had been filed, by hand, from 
the middle 9-inch length. 


TABLE 1.~—The bars, description and density 


| | 
Type of deformation Grade of steel | Size Shape Density 


Inch | | Lbs./in 


Corrugated - ...| Intermediate, billet __ .- 1 Round 897 


Square 


} | 4} Round ee 0, 282 
%| Square én ‘ . 2826 


eS Se 
| SI 5 mint desi 
) Rogind.... =... 


Square... -- 


Hh OUMNE oc ccs 
Square_-.--_- 
Round... -.--- 
Square. ..-..... 


ae Se p< een 


Structural, billet... 


| tf | - See 
Havemeyer-.........-.-- Proiaeainibe, Bi i. 2b Sa) "eee 





Rs becca aoe 
Square. -.......- 


4) Round............| 
4| Square..........--} 
pe ee 
SGUMD. 6. 4-<cua« al 


6| Round_.....-- 


: : \4 ee 
er ee Ul CUR a -| Sioee |. kd 


| Square_- 





CO ee a 














Type D, for tensile test after having been machined for the middle 
9-inch length to the largest cylindrical section possible with removal 
of all scale. 
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III. DETERMINATION OF AREA 


The area determinations by the different methods were made only 
on the type A specimens of the rail steel bars. These specimens had 
relatively small deformations and were more regular in cross section 
than some of the other bars. 


1. WEIGHT-LENGTH METHOD 


By this method the area generally is calculated from the weight 
of a measured length of the bar on the assumption that a steel bar 
| square inch in section and 1 foot long weighs 3.400 pounds, or 
(2833 lb./in. This value for the density is given in all American 
handbooks. ‘To check the accuracy of this value, the density of one 
specimen of each type of deformation, grade of steel, and size was 
determined by the capacity and density section of the bureau. These 
densities, given in Table 1, are all within one-half of 1 per cent of the 
nominal density of 0.2833 Ib./in.8 The average density, 0.2825 
ip./in.’, is less than 0.3 per cent from the nominal value. 

The weight-length method is obviously an indirect volume meas- 
irement and the areas obtained represent average rather than 
minimum cross sections. 

For this investigation each of three observers measured the length 
of the bars with a steel scale graduated to 0.01 inch and weighed 
them on an equal arm balance to the nearest 0.001 pound. Areas 
were then calculated by the following formula 


it 


A p L 


where 
A is the area, square inch. 
W is the weight, pound. 
L is the length, inch. 
p is the density, pounds per cubic inch. 
The areas calculated by this method are given in Table 2. This 
table also lists the deviation of each observation from the average. 


2. IMMERSION METHOD 


For this method the specimens were immersed in denatured alcohol 
contained in a cylindrical glass graduate and the areas given in Table 
2 were computed by the formula 
4 J ”, - V 
~~ 16.391 
where 

A is the cross-sectional area of the specimen, square inch. 

Vis the graduate reading before the specimen is immersed, 
cubic centimeter. 

V, is the graduate reading after the specimen is immersed, cubic 
centimeter, and 

L is the length of the specimen. 

The length, ZL, was determined in the same way as for the weight- 
length method. This method has been recommended by Scheirer.? 


Accurate Method for Determining Actual Areas for Deformed Steel Reinforcing Bars, M. K. Scheirer, 
Concrete, vol. 33, p. 24, September, 1928. 





Bureau of Standards Journal of Research 


TABLE 


2.—Cross-sectional area of deformed bars 


arene wip rail steel concrete-reinforcement bars, type A spec meg ee 


Nomi- | 
nal 
size 

(inch) 


Shape 


| Round | 


Average 


Average 


Average 


Square 


Average 


Average... 


Average 


-| Round 


Average 


Average. 


Average 


Square 


Average 


Average 


Grand 
age 


Observer 





| waight-dengta| Immersion % Micrometer 
method 


| 
| 


| De v| 
| Area ation 


| Square 


. 1885 


- 1885, 


g 
255s 
25. 


to | 
3 | 


lj 
| 
| 


2het | 
at's 


on 


| t& 


9 
. 25! 
2 
25+ 
. 2 


° 7650 | 





) 
59 | 


2561 | 


Per 
cent 


method 


Area 


| se uare 
inch 


0.11 0. 1898 | 


- 16 
05 


.16/. 
ons 
-00 |. 


. 05 


04 | 
. 04 | 
. 04 | 


.20 | . 2! 
04 | 


. 1890 


Ls 


. 1898 | 


- 1900 


"1899 i 
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. 1910 
-1911 | 


1895 
. 1896 


1894 
2560 

. 2568 
- 2561 





BBA 


2551 | 


. 767 


| . 767 


. 766 
. 766 


+ - 766 





. 00 | 
.00 


- 167 
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. 978 
. 979 


| 
a 


Devi- | 
ation | 


Per 
cent 
0, 05 
. 05 | 
05 


00 | 
. 05 
00 | 


| 





wal. 
05 | . 
4° fie 


“12 | .25 


. 20 | « 
. 08 


461. 


. 04 | 
.16 


Square | Per 
| 
/0. a } 

| 


1848 |--- 


method 


| De evi- 
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Area | ation | 
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2. 87 
. 38 
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. 185! 
"1787 | 


| 


,1909 | 1.49 


. 1847 1.81 
| om 


. 1886 27 
. 1881 Re. 


1901 | 2.04 | 
1863 | .00 
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07 a 
03 | ; 
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07 | 
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.971 . 69 


Bee reece Weis S 
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(07 E 
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13 | 


973 
_ 067 
- O71 


3. 30 | 





2549 | .12 | 
O71. 
.12 | 


Planimeter 
method 


Area 


|Square 


inch 
0. 183 
. 180 
Py 


“,190 
. 183 
. 187 


1867 | 


183 
.177 


- 183 


| . 1810 


. 250 
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. 243 


. 2453 


. 970 
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. 960 


9687 7 
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959 | 7 TB: 


0; 3 
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The bars were held by a small copper wire, the immersed volume of 
which was less than 1/20 cm*. Alcohol was used rather than water 
because, due to its lower surface tension, the level of the liquid in the 
oraduate could be more accurately determined. It also wets the 
steel bar so that air bubbles are not trapped on the surface as with 
water. The calibrated graduate used with the \-inch bars was gradu- 
ated to 0.5 ml and that used with the 1-inch bars to 1.0 ml. On both 
readings were estimated to 1/10 ml. 


3. MICROMETER METHOD 


The minimum areas were calculated from measurements with a 
micrometer caliper of the sides of the square bar or the diameter of 
round bars. Two measurements to the nearest 0.001 inch were taken 
on each side of two sides (or of two diametral planes perpendicular to 
each other) and the four measurements were averaged. Correction 
was made for the rounded corners of the square bars, the radii of these 
corners being measured with radius gages. The areas are given in 
Table 2. 

4. PLANIMETER METHOD 


The smooth end of a bar was impressed on a paper and the area 
of the impression measured with a polar planimeter. It is customary 
in some laboratories to ink the end of the bar, and force it, using a 
testing machine, against the paper which may be backed up with 
blotting paper or some other relatively soft substance. Preliminary 
studies with round and square machined specimens showed that this 
procedure gave areas smaller than the area computed from the di- 
mensions. This difference was probably due to the soft backing 
material. 

The method finally adopted was as follows: The end of the bar 
was finished smooth, care being taken to avoid rounding the corners. 
This surface was inked with an inking pad, the surplus ink around the 
edges wiped off, and several impressions were made on buff detail 
paper. The weight of the specimen, 12 inches long, supplied the 
impressing force. The second or third impression was usually better 
than the first due to the smaller amount of ink on the end of the bar. 
This method resulted in clear cut perimeters. 

The areas were measured with a Coradi polar planimeter with an 
arm length such that each division of the vernier amounted to 0.01 
ee The mean of three measurements by each observer is given in 
‘able 2. 


5. COMPARISON OF THE DIFFERENT METHODS 


The deviations given in Table 2 are measures of the variation in 
the areas as determined by different observers and by different meth- 
ods. If the average of the deviations for one method is smaller than 
for another method, it is probable that the first method will give 
more consistent values for different observers than the second. On 
this basis, the weight-length method is best and then come, in order, 
the immersion method, the micrometer method, and finally the 
planimeter method. 

omg Anaeaty - . 

This rating is supported by a consideration of the observational 
errors involved. If three sets of observations made by the weight- 
length method are not in error more than plus or minus 0.01 inch in 
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12 inches as regards length and not more than plus or minus 0,0) 
pound in 0.668 pound as regards weight (}-inch round bar), then the 
average departure of an individual determination from the mean oj 
three should never exceed 0.2 per cent. For the immersion method. 
with the same uncertainty as regards length and a possible error o/ 
plus or minus 0.1 ml in 38.7 ml in measuring the displacement, the 
average departure should not exceed 0.3 per cent; while in the pla. 
nimeter method with an uncertainty of 0.01 in.’ in the measurement of 
an area of only 0.2 in.’, the average departure of three determination; 
from the mean may reach 4.3 per cent. While these percentages are 
limiting values (not the most probable average deviation) they should 
conform approximately in relative magnitude with the grand ave. 
ages of the observed deviations in Table 2. Considering the methods 
in the order discussed, the computed relative magnitudes of the 
deviations for the three methods are 1:1.5:21, while the relative 
magnitudes of the corresponding observed deviations are 1:1.4:15 

A similar analysis of the micrometer method was not attempted 
Deformed bars do not have simple regular sections, and the cross 
sectional area may vary from point to point along the bar, so that 
the average deviation depends more upon the location of the measur. 
ing stations on the bar than upon the precision of the micrometer 
readings. 

Current specifications permit the deliveries of reinforcement bar 
one-half inch in diameter or larger which deviate not more than plus 
or minus 7.5 per cent from the nominal area. If the nominal area is 
used in the determination of yield point, tensile strength and elonga- 
tion from the values observed during a tensile test, errors of this 
order of magnitude may be introduced in the results. If an accuracy) 
of this order of magnitude is sufficient to insure that the material is 
of suitable quality without an undue percentage of rejections of 
borderline material, it would be simplest and most economical to 
require that yield points and tensile strengths for specification pur- 
poses be calculated on the basis of the nominal areas, which are used 
by the engineer in his design calculations. 

If an accuracy of this order is not considered sufficient to insure 
that the material is of suitable quality without undue rejections of 
borderline material, the weight-length method of area measurement 
is undoubtedly to be preferred to any of the others. It requires no 
special apparatus, the measurements are easy to make, and the errors 
(maximum plus or minus 0.2 per cent) are much below those tolerated 
(plus or minus 1 per cent) in testing machines. 


IV. THE TENSILE TESTS 
1. METHOD OF TESTING 


The }-inch bars were tested in a testing machine having 
50,000 pounds capacity and the l-inch bars in a testing machine 
having a capacity of 100,000 pounds. The specimens were held 
with wedge grips, well lubricated with grease and graphite on the 
sliding surfaces. The rate of separation of the heads of both machines 
under no load, was 0.4 inch per minute. The yield point was deter- 
mined by the drop of beam. All specimens had definite drop 0! 
beam yield points. 
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2. CALCULATION OF RESULTS 


The yield point and tensilve strength values were calculated 
rom the test loads for the different types of tensile specimens by 
jividing by the area found as follows: 

Type B specimens tested as received.—The areas were determined 
y the weight-length method. 

‘Type C specimens with lugs filed off —The specimens’ were weighed 
nd their length measured. The fractional length with lugs left on 
vas then determined from a count of the total number of original 
ugs and of the lugs left on. The weight of this length was deter- 
nined from the calculated weight of an equal length of the correspond- 
ng A specimens. The difference between the total weight of the C 
pecimen and the weight of the fractional length with lugs left on 
ave the weight of the fractional length from which the lugs had been 
led. The area was then calculated by the weight-length method. 

Type D specimens, machined to a cylindrical section —The diameter 
was measured to the nearest 0.001 inch with a micrometer caliper 
and the area calculated from this diameter. 

The elongation in 8 inches was measured with dividers and a steel 
scale to 0.01 inch. For the few specimens which broke outside of the 
middle half of the gage length, the elongation was computed accord- 
ing to the method outlined in A. S. T. M. tentative specification, 
serial designation: E8-27T.* 


3. AVERAGE RESULTS 


The yield-point and tensile-strength values for the three specimens 


of each type from each bar were very consistent. The elongation 
values varied more. The greatest variation of a single value from the 
mean for each of the 72 groups of three specimens was less than 3} 
per cent for the yield point values and less than 2% per cent for the 
tensile strengths (except for one group). For 54 of the groups the 
maximum deviation of the elongation values was less than 5 per cent. 
The average results are given in Table 3, each value for yield point, 
tensile strength and elongation being the average for the three 
similar specimens from each bar. 


‘Tentative Methods ot Tension Testing of Metallic Materials, Proc. A. S. T. M., vol. 27, Pt. I, p. 1078 
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_THE EFFECT OF FILING OFF THE LUGS, ON THE TENSILE STRENGTH 


The average maximum load in pounds of the type C specimens 
rith lugs filed off was less in all cases than the average maximum 
oad in pounds of the type B specimens which were tested as received. 
The areas based upon weight-length measurements were also less, but 
able 4 which lists the decrease in maximum load and area of the 
ype C specimens with respect to the type B specimens shows that 
he decrease in area was in all cases greater than the decrease in 
»aximum load. The lugs were therefore effective in resisting tensile 
orces to some extent. An example will be used to show how the 
dative effectiveness of the area of the lugs in tension as given in 
able 4 has been calculated. 


Example.—\-inch round bars, Havemeyer type of deformation, inter- 
mediate grade of billet steel: 




















a Average | A verage 

Type of specimen Aumeue | tensile tensile | 

3 | load strength | 

| ada inch| Pounds Lbs./in, 2 | 

| B, as received........... 0. 1935 14, 910 77,000 | 
C, lugs filed off.........- . 1880 14, 630 77, 800 

isnt hats eS | . 0055 | ot ae: ' | 





Tensile strength of lug area, a 50,900 lbs./in. ? 
Tensile strength of lug area —50,900_ 65 
Tensile strength for Type C 77,800 ~° 

It may, therefore, be concluded that the lug area of these bars was 
65 per cent effective in resisting tensile stresses. Similar values for 
all bars are given in Table 4. Since these values depend on small 
differences between relatively large numbers, the results are some- 
what variable. They show, however, that the lug area of the Have- 
meyer and rail steel bars were more than 50 per cent effective in 
resisting tensile forces. These lugs were parallel to the axis of the 
bars. The corrugated and diamond deformations were not parallel 
to the axis of the bars and the lug area was less effective in resisting 
tensile forces than for the other types. Since, however, the lug areas 
in the Havemeyer bars were always much larger than in the other 
types of bars (see Table 4) the effectiveness of the total area in resisting 
tensile load was practically the same for all types of bars as shown in 
0/B ratios of Table 3. 
































~ 
518 Bureau of Standards Journal of Research 1a 
TaBLE 4.—Effect of filing off lugs on the maximum load and on the area 
= 
Relatin 
Nom- | Decrease : ellective, 
Type of deformation | Grade of steel inal | Shape in maxi- Recesans NERS of 
size | mum load} “7 8Fe8 | ares of 
Lugs in 
tension 
ae aa ey ~r 0" me _ — 
| Inch Per cent | Per cent | Per ceni 
| 44) Round............ 0.9 2. 4 
Corrugated... _.._.-.. | Intermediate. _._-- Ate es cal apicd tal aia - as My 
i... eee ff 2.0 r 
44 __ eS ee .4 1.8 ‘ 
: 44] Square --..-.. easel .9 2.4 | ¥ 
Diamond si ie --G0..- ------2-+-2-- te SS as 9 1.4 | q 
_ __., Sats i | 2.5 mM 
j 4 meNG...----.« | 2.6 2.7 | r 
or ae | 44) Square.........--. 6.1 8.3 | ” 
Structural . 3 Round..---.-.-.-- | 1.7 2.7 | i 
1, St ges canes 4.4 5.0 | s 
| | | 
| | gg | ere 1.9 2.8 | fi 
a . | wis 44) Square. . 5,3 6. 2 | ¥ 
Havemeyer | Intermediate._..-.-..- 1 so Siena 24 27 | P 
1 a a 4.3 4 iT 
| | ‘8 eee | 2.1 2.9 | | 
RR atinike. | 5.4 6.1 w 
| ‘Hard oi aae..... | 3.1 3.2 | ‘ 
| ee 3.6 4.3 | § 
| | | 
| is Round..........-.| 1.8 2.9 n 
: | | |) SUES 2.3 2.4 
Rail. .-....-- i : --do.. ‘|| 1 Round -. F nal 1.0 1.5 
| | 1 Square.._-.-.-- ---| 1.1 2.0 
| 








5. COMPARISON OF TENSILE PROPERTIES OF UNMACHINED AND OF 
MACHINED BARS 


Table 3 gives the average results of the tensile tests. The tensil 
strength of type D specimens machined to cylindrical cross section 
was in all cases greater than that of the type C specimens, with lug 
filed off. The increase in average strength of the type D specimen 
over the type B specimens was, however, in all cases less than 5 per 
cent. 

The same general conclusions can be drawn from the yield point 
values although in two instances the average yield point for the type 
D specimens was | per cent below the value for the type B specimens 

The effect of type of specimens on the elongation was erratic. 1 
the average, the elongation was not much affected by filing off the 
lugs or machining the bar. The average elongation in 8 inches was 
23.7 per cent for the bars tested as received, 23.9 per cent for the bars 
from which the lugs had been filed and 23.7 per cent for the bars whieh 
were machined to a cylindrical cross section. 

Table 3 shows that the tensile properties are not influenced by the 
size or shape of the bar, or by the type of deformation. 

The small difference in the tensile properties of machined ané 
unmachined specimens leads to the suggestion that the use of the 
expensive machined specimen be eliminated from the specifications 
If the use of the original sections of deformed bars were made mandi: 
tory for tensile tests, one point of controversy would be eliminated. 

The results listed in Table 3 show only two border-line cases 1 
which specimens which failed to comply with the requirements of the 
specification as to yield point or tensile strength when tested 
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received, did comply when machined. These are the 1-inch square 
yrugated and diamond bars. For the intermediate grade of steel, 
the specified minimum yield point and tensile strength values are 
0,000 and 70,000 lb./in.*, respectively. 


6, DETERMINING WHETHER A SPECIMEN CONFORMS TO THE RE- 
QUIREMENTS OF THE SPECIFICATION 


By chance, the tensile strength of the 1-inch square rail steel speci- 
men B-3, tested as received, affords an example of the difficulties of 
etermining whether a specimen conforms to the requirements of the 
pecification, when no method of area determination has been specified. 
able 5 gives data as to the breaking load of this bar, of the area as 
etermined by different methods (average results from Table 2 have 
een used), and of the tensile strength, when computed with regard 
to the different areas. 

In this case, the values given in Table 5 show that the tensile 
trength computed by the nominal area, weight-length, and immer- 
ion methods, did not conform to the requirements of the specifica- 
ion. The tensile strength, computed from areas determined by the 
micrometer and planimeter methods, did comply with the specified 
requirement. In border-line cases such as this, it is apparent that 
uuch confusion results and honest differences of opinion arise when 
he method of area determination is not specified. The necessity of 
pecifying some method of area determination is obvious. 


‘ABLE 5.—The tensile strength of rail steel specimen B-3, 1 inch square, tested as 
received 
(Breaking load, 77,970 pounds] 


Tensile 


Method of determining area strength 





Squareinch| Lbs./in.? 

‘ominal area. __ . . e : Set 2 1. 000 77, 970 
Veight-length _ _ - : ‘' For b5é3 deed ER AST ° 79, 700 
| i ets a é 79, 800 
80, 300 
81, 400 











Speciiied minimum . . 6666 6 sok ob. docan nd 7 vase oe ,- | 80, 000 


V. CONCLUSIONS 


|. Area determinations by different observers of deformed con- 
rete-reinforcement bars, one-half and 1 inch in size, both round and 
quare in section were made by four different methods. The con- 
lusions reached as a result of this study are as follows: 

(2) If specifications for concrete-reinforcing bars specify the yield 
point and tensile strength in pounds per square inch of the material 
in the bars, the method of determining the area to be used in calculat- 
ng them should be definitely specified. 

(b) The nominal areas which are used by the engineer in his design 
alculations should be used in computing yield point and tensile 
trength values from the test results if the accuracy of the nominal 
area 1s considered sufficient. Since current specifications permit the 
icliveries of reinforcement bars one-half inch in diameter or larger 
hich deviate not more than plus or minus 7} per cent from the 
— — errors of this order of magnitude may be introduced in 

€ results. 
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(c) If accuracy of the order of plus or minus 7.5 per cent in th: 
determination of yield point, tensile strength, and elongation 4 
concrete reinforcement bars is not sufficient to insure that the mate. 
rial is of suitable quality, without an undue percentage of rejections 
of border-line material, the specifications should require the use ¢/ 
the weight-length method. 

(qd) The immersion method under ordinary laboratory condition 
gives no greater accuracy than the weight-length method, and js 
much less easy to apply. 

(e) The micrometer method applied to deformed bars gives much leg 
accurate results than either the weight-length or the immersion method 

(f) The planimeter method is costly and time consuming. With 
the usual planimeters and within the usual] range of sizes it gives much 
less ~ jem results than either the weight-length or the immersion 
method. 

2. Tensile tests were made of deformed concrete-reinforcement 
bars, of three grades of steel, four types of deformation, one-half and 
1 inch in size, both round and square in section. Each bar wis 
tested (1) in the original condition, (2) after the lugs had been filed by 
hand from the middle 9-inch length, and (3) after the bars had beer 
machined to a cylindrical cross section for the middle 9-inch length, 
The conclusions reached as a result of the tensile test are as follows} 

(a) Removing the lugs from deformed concrete-reinforcement bar 
decreased slightly the load (pounds) carried by the bars at the yield 
point and at failure. The percentage decrease in load, however, was 
in no case as large as the percentage decrease in the average area 
determined by the weight-length method, so that the yield point 
(pounds per square inch) increased from 0 to 4 per cent and the tensile 
strength (pounds per square inch) from 0 to 3 per cent, with m 
significant difference between the different types of bars. 

(b) There was, however, a marked difference in the manner it 
which the different types of lugs contributed to the strength of the 
bar. The area of the Havemeyer lugs was approximately 50 per 
cent effective in resisting tensile stresses, while the areas of the cor- 
rugated and diamond type lugs were less effective. 

(c) Machining deformed concrete-reinforcement bars to a cylindr: 
cal cross section increased the tensile strength (pounds per squat 
inch) over the tensile strength of similar bars tested with the lug 
on. The increase was, however, in no case as large as 5 per cent. 

(d) The yield point (pounds per square inch) of deformed concrete. 
reinforcement bars machined to a cylindrical section was in genera 
greater than the yield point of similar bars not machined. The 
maximum increase was 8 per cent. 

(e) The effect of machining deformed concrete-reinforcement bars 
on the elongation was small and erratic. Sometimes the machined 
bars showed higher elongation and sometimes lower. The maximum 
difference for the elongation of unmachined and macnined bars wa 
less than 5 per cent in 8 inches. In the specimens tested, the dit 
ference was in no case sufficient to cause rejection of the material 1 
the unmachined condition. 

(f) These differences seem to be altogether too small to warrant the 
cost of machining concrete-reinforcement bars when testing unde 
specifications. 


WASHINGTON, August 1, 1932. 
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A CALORIMETRIC METHOD FOR DETERMINING THE 
INTRINSIC ENERGY OF A GAS AS A FUNCTION OF THE 
PRESSURE 


By Edward W. Washburn 


ABSTRACT 


If a known mass of gas compressed in a bomb at a known pressure be im- 
mersed in a calorimeter and allowed to expand slowly to atmospheric pressure, 
the cooling effect can be compensated by electrical heating. Since the external 
work is accurately known, a precision discussion shows that the method should 
yield an accurate value (+ <1 cal. for a liter bomb) for the accompanying 
change, AU, in the internal or intrinsic energy of the gas. In order to obtain 
reliable results, the energy effects associated with the changes in stress on the 
walls of the bomb must be corrected for or reduced to a negligible amount by 
proper bomb design. From the standpoint of simplicity, rapidity, and accuracy 
he method is probably superior to any other means of determing this quantity. 


CONTENTS 
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. Introduction 
. Methods of evaluating Ur=f(p) 
1. The p—v—-T method 
2. The adiabatic Joule-Thomson method - 
3. The isothermal Joule-Thomson method_- -_-_- 
ri The direct calorimetric method 
’. The calorimetric technic re 
7, The energy content of the bomb as a function of the pressure_- 
I. Effects of adsorption 
. The temperature coefficient of U,r 
. Precision discussion 


I. NOMENCLATURE 


Barometric pressure. 

Heat capacity at constant pressure. 
Joule. 

Molecular weight. 

Mass. 

Pressure. 

Quantity of heat. 

Gas constant per mole. 

Absolute temperature. 

Centigrade temperature. 

Intrinsic energy. 

Volume. 

Work. 

Linear coefficient of thermal expansion. 
Joule-Thomson coefficient. 
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II. INTRODUCTION 


For any system whose thermodynamic condition is determing) 
solely by temperature and pressure, the first law of thermodynamig 
assumes the form 














dU=dQ— pdv (] 


in which U is the so-called “total,” “internal,” or “‘intrinsic”’ energy 
of the system, Q is the heat added to it, p is the pressure upon it, 
and v is its volume. 

For any elastic system the above relation when combined with 
the second law yields the familiar thermodynamic equation 


_ m( ov ‘ 
-($) =1 (5°). +1 (sr . P 


in which 7 is the absolute temperature. nent 

The integral of this equation, U;=f(p) for a gaseous system at Mecer 
the temperature 7’, is the quantity sought. Aside from its gener! 
thermodynamic importance this quantity is of practical interest in 
connection with bomb calorimetry where a knowledge of its value 
for oxygen and for mixtures of oxygen with carbon dioxide is needed 
in order to evaluate the changes in the heat content of these gases 
with the pressure. 


III. METHODS OF EVALUATING U;7=/(p) 
1. THE p-v-T METHOD 


By operating upon an appropriate equation of state, the righi- 
hand member of equation (2) can be obtained as a pressure function 
with numerical coefficients and the equation can then be integrated 
In practice this method suffers from the disadvantage that there ar 
very few gases for which p-v—7' data are known with sufficient 
accuracy, and the acquisition of such data is a difficult and tedious 
undertaking. 

In the absence of more exact information, it is however, convenient 
to remember that as a first approximation for moderate pressures 
the following equation, obtained by operating upon the Beattie 
Bridgeman equation of state, ' may be employed 


3c 9 
-au |" -(igp+ Ts Pp A) 


in which Ay and ¢ are constants appearing in the equation of state. 


2. THE ADIABATIC JOULE-THOMSON METHOD 


In this method [* (pr pa | is evaluated as a pressure function with 
the aid of measured pv i at the tempers? T or, failing these, 
with the aid of an equation of state, and (3) : is obtained from the 
thermodynamic relation 

a o) _ 0, +| ee) pv) 
ap 





1J. A. Beattie, See Rev., vol. 32, p. 699, 1928. 
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n which » is the Joule-Thomson coefficient and C, the heat capacity 
st constant pressure. Both yp and QC, are pressure functions. 

This method also suffers from the disadvantage that reliable u 
glues are available only for two or three gases and the technic of 
btaining them is exceedingly difficult. From the standpoint of 
itainable accuracy, however, the method is perhaps superior to the 
_.-T’ method, especially at temperatures remote from room tem- 
erature. 


3. THE ISOTHERMAL JOULE-THOMSON METHOD 


This method differs from the preceding one only in that the product, 
(,, is determined calorimetrically by supplying measured electrical 
mergy at such a rate as to compensate for the temperature drop 
vhich occurs in the classical Joule-Thomson experiment. The experi- 
nental technic of this ‘isothermal porous-plug experiment” has only 
ecently been developed to the point where the method gives promise 
pf yielding valuable and reliable results.” 


4. THE DIRECT CALORIMETRIC METHOD 


Since AU is an energy quantity, the method of measuring it 
lirectly with the aid of a calorimeter would at first sight appear to be 
ie most convenient and accurate one to employ. With the excep- 
ions noted below, however, attempts to employ this method have 
ailed to give results of sufficient accuracy. The chief difficulty 
ypears to arise from the energy effects associated with the changes 
n stress on the walls of the containing vessel. 

One simple method of carrying out the calorimetric determination 
sto determine 


a *B ou ‘s a“ i 7 B_ . 
Q- |. (Sp) dP W=AU]?+ Bar 


here BAv is the work done against the atmosphere when the gas 
ontained in a bomb is allowed to expand isothermally from the 
nitial pressure p to the barometric pressure B, or in general to any low 


0 
pressure P such that for all lower pressures the integral { (=) dp 
Pp ys 


scalculable or is negligibly small. 
In this form the method has been used by Douglas * to determine 
ie total energy change accompanying the evaporation of a liquefied 
us, and by Bennewitz and Andreewa * to determine U as a function 
bf p for gases in the neighborhood of the critical point. In both of 
hese investigations the value of AU was a comparatively large quan- 
ity, and great refinement of calorimetric technic was not required in 
der to obtain a fair percentage accuracy. For temperatures far 
tbove the critical temperature, however, AU is a small quantity, 
ilorimetric technic of high precision is required and the contribution 
bf the containing vessel to the total heat effect can not be ignored. 





‘See (*) F. G. Keyes and S.C. Collins, Proc. Nat. Acad. Sci., vol. 18, p. 328, 1932; (*) A. Eucken, K. 
‘usius, and W. Berger, Z. tech. Phyisick, vol. 13, p. 267, 1932. 

‘Douglas, Phil. Mag., vol. 18, p. 159, 1909. 

‘Bennewitz and Andreewa, Z. physik. Chem., vol. 142A, p. 37, 1929. 
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IV. THE CALORIMETRIC TECHNIC 


The gas to be investigated, compressed into a suitable bomb, js 
immersed in a constant temperature bath at the temperature 7 
When temperature equilibrium has been established, the pressure 
in the bomb is measured, the valve is closed, the bomb is removed 
from the bath and weighed to determine the mass of the contained 
gas. The bomb is then transferred to the calorimeter and its outle 
connected to a long coil of metal tubing which is likewise immerse 
in the calorimeter. When equilibrium has been established in the 
calorimeter, observations are started and the time-temperature for. 
period accurately established. The valve of the bomb is now opened 
gradually and the gas escapes through the long coil, which is so ¢e. 
signed as to bring the gas to the calorimeter temperature and tj 
barometric pressure before it escapes into the atmosphere. Coinc. 
dent with this operation and throughout its course, measured elec 
trical energy is added to the calorimeter at such a rate as to maintail 
the temperature constant. When the pressure in the bomb has falle 
to atmospheric, the electrical heat is cut off and the calorimetr 
after-period is accurately determined. The heat, Q, of the proces 
is now calculable as is also the work done against the atmosphere, an¢ 
from equation (5) the quantity AU}§ is then obtained. 

The contribution of the bomb itself to the observed heat effect can 
for a properly designed bomb, be computed as explained below ori 
may be eliminated by standardizing the operation with a gas for whicl 
accurate AU values are available. 


V. THE ENERGY CONTENT OF THE BOMB AS A FUNCTIO) 
OF THE PRESSURE 


The bomb itself is an elastic system and its intrinsic energy change 
with the tension on its walls. Unlike the gas, however, it may no 
return promptly to its original energy state on release of the tension 
but instead may exhibit a lag. 

For this reason it is desirable (1) to design a bomb for which thé 
change of intrinsic energy with pressure shall be as small as possible 
and (2) to suitably anneal the bomb and to age it by subjecting it tos 
number of cycles of extension and contraction by repeated filling an 
emptying with compressed gas. 

Since the bomb is itself an elastic system the following thermo 
dynamic relation analogous to equation (2) is applicable 


OU\ _ (2%) _ pf We ez 
(en T Po SB) B(s),+ (37 Pe 


in which p, is the internal pressure, , the internal volume, B tht 
constant external barometric pressure, and v, the exterior or bill 
volume. Assuming the approximations 


9) (52) 1 (Ov, 
etd MS vee ee a =A ae 
OPo/r OP» — v,\oT Pe - 


both independent of the pressure, and integrating gives 


P —B 2 re) 
avy =P ( He) +30 T os B) 
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which a 1s the linear coefficient of thermal expansion of the ma- 
erial composing the bomb. 

For a cylindrical steel bomb with hemispherical ends, a wall thick- 
ov, 


ness of 1.65 mm and a capacity of about 1 1, was found to 


constant and equal to 39 X10-® l/atm., for stresses well within the 
plastic limit. 
For pp = 50 atm. and B=1 atm. we have therefore at 300°K. 


2 
supa X39 X 10-§+3 X11X10-°X1X300X49 l-atm. (8) 


=4.744+49.16=53.9 j (9) 


If the contained gas is air at 50 atm. it will give —AU]°=560 j 
proximately. The contribution of the bomb therefore amounts to 
bout 10 per cent of intrinsic energy change of the gas and, if the 
bomb is slow in returning to its original energy state, its contribution 
an not in practice be calculated with sufficient accuracy. 

Now the first term in equation (9) is a work term, and the quantity 
<<} can be directly measured with sufficient accuracy by immers- 

o/T 
ng the filled bomb in a constant-temperature volumeter and releasing 
he pressure. For a steel bomb no appreciable lag is observed in this 
huantity. The lag therefore affects only the second term which is the 
arger of the two. This term can be materially reduced by construct- 
g the bomb of a material having a low coefficient of thermal expan- 
ion. Thus if a suitable invar steel is selected for this purpose, 
guation (9) for the same conditions becomes 


AU|’ =4.74+4.92 =9.7j (10) 


The total bomb contribution will now be only 1.7 per cent of the gas 
Mfect and that part of it which is affected by lag will be less than 1 
ber cent and the uncertainty arising from the lag will be a negligible 
juantity in comparison with the other errors of measurement. 


VI. EFFECTS OF ADSORPTION 


Jn all experimental work involving p-v—T or energy relations of 
ases the influences of adsorbed gas on the walls of the containing 
essel must be considered. These influences are usually measured 
nd eliminated by a series of experiments with different areas of 
xposed surface in contact with the gas. In the present instance 
uch experiments can be readily made by placing wire or foil (of the 
ame material as the bomb) inside the bomb in order to increase 
he area of metal surface exposed. Since, however, in the present 
method the pressure of the gas does not fall below atmospheric 
luring the experiment, the adsorbed gas which leaves the walls of 
he bomb is only the small and probably negligible amount which 
becomes adsorbed when the pressure is raised from 1 atmosphere to the 
nitial pressure pp. 
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VII. THE TEMPERATURE COEFFICIENT OF U;, 


For correcting the calorimetric determinations to a common tem. 
perature or for reducing a measured value at one temperature to , 
neighboring other temperature, it is convenient to remember that the 
small temperature coefficient can be approximately obtained }y 
differentiating equation (3) which gives 


100 d(AU) _—1007, , .. m/ Ao , 3¢ 
AU a 1 tt T( pat 7) | (1 


Thus for O, at 25° C. this equation gives 0.4 per cent per degree. 


VIII. PRECISION DISCUSSION 


In equation (5) the work done by the expanding gas will be 
W=Bao= Bo— Boi= 4,RT (1+ BrB) — Bo, (12 


and equation (5) may be written 
Q= ml f(0) fe ae | By, (13) 


in which m is the mass of gas contained in the bomb of volume », at 
the pressure p and temperature 7’, R is the gas constant, M the molec- 
ular weight of the gas, By is a small coefficient expressing the devis- 
tion from the perfect gas law at atmospheric pressure and 7°K, Bis 
the prevailing barometric pressure, and f(p) is the value of Al? 
for 1 g of the gas at 7°K. 

Using the value of AU]}=f(p) for air, one can compute the pre- 
cision required in each measured quantity in order to obtain a desired 
precision in the quantity AU for this gas. If we take t=25° C, 
v,=1 liter and assume an allowable error of 0.25 cal. from each 
measured quantity, we obtain the results shown in the following 
table. 
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TasLE 1.—Error in each measured quantity which produces an error of 0.25 cal. in 
the quantity AU]} 


1 . 
AU | se (ait at 25° C.), eal. 22.0 


P 


|— 


1 |/P menses --- atm... 20 
" [\bD------- siege a” dipla aan nae 0. 22 0.11 


9 {/0i - “ces ----- is 1 1 
“116 0; . oe ee ee a eee | -- 10 10 


im... - - - enacegeceas —— 48 
3i\6m...--- oncccwccaccees —er x ll ll 
, [B.-- - 5 760 

‘ i . 8.6 


(Electrical energy equivalent.._...........---..-cal- 1, 048 
plat Me. 0. 0036 


(Stirring energy. 

DS ik ME Wir Di anktncbnddddesawecdsude per cent_- 
oa cckpatininwdeanasiseien ting nans cme at 
i) 

. 00037 
. 0005 

















Of the items shown in the table, Nos. 2,4,7,and 8 can be eliminated 
as sources of error since they can obviously be easily measured with 
much more than the required accuracy. 

Item 1.—For the pressure measurements a good calibrated Bourdon 
rage could be employed for pressures up to 50 atm. At higher 
ressures a more accurate method of measuring the pressure would 
be required.® 

Item 3.—In the mass determination, somewhat more than the 
equired accuracy can be easily obtained with a liter bomb and with 
i balance sensitive to a few milligrams under loads up to 2 kg. 

Item 5.—In determining the electrical energy required to equalize 
he cooling effect of the expanding gas no significant errors will be 
made in measuring the actual energy input employed. The total 
ror from this source will be determined by the accuracy of the 
emperature control during the experiment and the accuracy in 
letermining the small difference between the initial and final equili- 
brium temperatures. The value of 6 ¢ shown in the table represents 
he permissible integrated average temperature difference between 
he calorimeter and the jacket during the experiment, assuming a 
eaction time of 10 minutes and an over-all heat-transfer coefficient 
[7.2 cal. min. ° C.-'. The value 6 t’ represents the accuracy with 
hich the difference between the initial and final temperatures must 
’ known with a calorimeter having a water equivalent of 2,500 g. 

Item 6.—An efficient stirrer will supply energy to the calorimeter 
t the rate of about 1 cal. per minute. For an allowable error of not 
nore than 0.25 cal. from this source it is obvious that throughout 
he period of the experiment (30 minutes) the stirring power should 
constant within + 2.5 per cent. 

From the foregoing discussion it appears that it should be possible 
ithout much difficulty, to determine the quantity AU]} for 1 liter of 





‘The necessity of employing a pressure gauge can be dispensed with, if desired, by the use of twin bombs. 
Pé Washburn, B. 8. Jour. Research, vol. 9, p. 271, 1932. 
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gas with an error of less than 1 cal. A forthcoming paper by Rossipj 
and Frandsen describes some experimental results obtained by the 
method. 

In conclusion, it may be noted that by combining the calorimetri 


value fol 5), with the calorimetric value for u C,, both D( 32) so 


Ov , ) . ; 
1 Sr) can be directly obtained, if the volume is known, and this js 
Pp 


probably the most accurate method of determining these ty 
coefficients. 


WasHINGTON, August 3, 1932. 
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THE PHOTOGRAPHIC - EMULSION; VARIABLES IN 
SENSITIZATION BY DYES 


By B. H. Carroll and Donald Hubbard 


ABSTRACT 


These experiments were designed to test the effect of independent variables in 
the emulsion on the relative spectral sensitization by a given dye in a given emul- 


‘sion. Four typical dyes representing four series were used in combination with 


emulsions of different types. Relative spectral sensitivity increased slowly with 
the concentration of dye. In agreement with Sheppard, it was found that the 


| relative spectral sensitivity was little affected by the formation of sensitivity 


nuclei (from allyl thiocarbamide, for example) which greatly increased the abso- 
lute sensitivity to any wave length. Increased alkalinity increased relative 


| spectral sensitivity by an extent which depended on the dye. Increased silver 


ion concentration generally increases sensitization by any dye, but there are 
differences between individual dyes which may be explained on the hypothesis 
that spectral sensitization depends on adsorption of the ion of the dye by the 


| oppositely charged ion of the silver halide lattice; changes in adsorption of basic 


dyes may be sufficient to counteract the general trend at sufficient excess of silver. 
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I. INTRODUCTION 


The spectral sensitivity of a given photographic material in either 
absolute or relative terms is generally recognized to depend both on 


}the dye or dyes, and on the emulsion. The many variables in the 


emulsion which influence the sensitization by the dye may be divided 
into those which are characteristic of the particular emulsion, such as 
the grain size and proportion of iodide, and those which may readily 
be varied in a given dye-emulsion combination, such as the silver and 
hydrogen ion concentrations. This paper will be primarily concerned 
with the latter group of variables. While it is not possible to draw a 
sharp distinction between these variables and those characteristic of 


the emulsion and dye, a study of the more general variables of sensiti- 
_zation will make it easier to distinguish characteristics of individual 


emulsions by comparing them under constant conditions. The process 


| of hypersensitization (1) (2) ! must obviously be connected with varia- 
ton of conditions in a given dye-emulsion combination. This will be 
‘treated in full in a separate communication; a preliminary report (3) 
has already been made, using some of the data in this ‘paper. 





‘Numbers in parentheses here and throughout the text refer to the list of referemees at the end of the paper. 
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The experimental methods used in this investigation, including 
emulsion making, sensitometry, and determination of bromide jo) 
concentration, have been described for the most part in previous 
communications (4) (5). Emulsion formulas followed the types 
described in one of these references (4) and will be designated by the 
same letters; full details are available to any interested parties, 4 
measure of the added spectral sensitivity conferred by the dyes was 
obtained with the sector wheel sensitometer, inserting an appropriate 
filter between the light source and plate in addition to the Davis. 
Gibson filter used for correction of the incandescent source to sun. 
light quality. A Wratten ‘Minus Blue” (No. 12) filter was most 
commonly used, as it gives approximately the total sensitivity to ql] 
wave lengths longer than those absorbed by the silver bromide: 
absorption by the filter is not over 15 per cent in the region of sensitiza- 
tion by any of the dyes except pinaflavol. This general method does 
not determine the relative spectral sensitivity, but it is the most 
accurate means available for comparison of the sensitization produced 
by a given dye under varying conditions. 

Four dyes were used in the investigation, each representing 1 
different type. Erythrosin, which is the only acid dye in common 
use as a sensitizer, was included because it was important to have 
an acid dye for comparison with the basic sensitizers. It is soluble 
in water in concentrations much higher than those used in emulsions 
and ionizes into the colorless positively charged sodium ion, and the 
negatively charged ion of the acid tetraiodofluorescein. The other 
three dyes are basic, and ionize into colorless iodide or chloride ions, 
and positively charged ions of the corresponding complex nitrogen 
bases. They represent three distinct types—pinacyanol is a carbo- 
cyanine (6); pinaverdol an isocyanine (6); and pinaflavol, a newer 
type which has not been assigned a general name (7). The first two 
are very insoluble in water, being completely extracted from it by 
solvents such as chloroform, and their suspensions are readily floc- 
culated by electrolytes, especially halides, while pinaflavol does not 
show these colloidal characteristics and apparently forms true solt- 
tions in water at low concentrations. However, even the insoluble 
dyes may be considered as colloidal electrolytes, as they appear to be 
highly dissociated ; the iodide ion in any of these dyes may be titrated 
electrometrically with silver nitrate giving vilacs corresponding 
closely to the calculated molecular weight. 

The basic dyes were commercial products, used without further 

urification; the pinacyanol was the chloride of its base, the other 
iodides. The erythrosin used in these experiments had been prepared 
from an old sample of a Kahlbaum product by precipitation of the 
acid and recrystallization of the sodium salt made from it. It was 
recently found to be low in iodine, the acid containing 26.5 per cent 
instead of 60.75 per cent theoretical (8); apparently considerable los 
had occurred on storage, with resulting formation of fluorescein 
Photographic comparison with a known sample of pure erythrosil 
received from the color laboratory, Bureau of Chemistry and Soils 
showed that it produced its maximum sensitization in exactly the 
same spectral region as the pure dye, but in about half the prope? 
intensity, and that there was faint sensitization at shorter wave 
lengths corresponding to that produced by fluorescein. Fortunately 
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oe The Photographic Emulsion 031 
this contamination by the parent acid dye does not affect our 
conclusions. 

The dyes were normally added to the emulsions just before coating, 
in the form of dilute solutions; the alcoholic stock solutions of the 
basic dyes were diluted further with water to avoid coagulation of 
gelatin on contact with the alcohol. In all cases, the dye was added 
to the liquid emulsion before coating; none of the following experiments 
deal with sensitization by bathing finished plates. 


II. CONCENTRATION OF DYES 


The concentration of a given dye in an emulsion is reported to have 
an optimum value (9), but no quantitative data are available. Eder 
believed that the sensitivity fell off after passing through the maxi- 
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Figure 1.—Effect of concentration of dye on spectral sensitization 
Yy 


0, Pinacyanol. - Pinaflavol. 
X, Pinaverdol. A Erythrosin. 


mum because of filter action by the dye. With any of the basic 
sensitizers used in these experiments the upper limit seems to be set 
rather by the tendency of the dye to cause fog. 

The data illustrated in Figure 1 indicate that within the range of 
concentrations tested, which covers the normal values for these dyes, 
the sensitization. by the dye increases slowly with its concentration. 
The emulsions used in these experiments were of the neutral (type C, 
reference (4)) type with 4.0 mol per cent AgI, and were coated at a 
bromide ion concentration 0.9 to 1.1 10-4 and pH 7.1 to 7.3. Speeds 
were in all cases measured by exposure through the Minus Blue 
filter. Speed numbers were somewhat dependent on development 
time, and were, therefore, compared by interpolating the value cor- 





Be Absorption by this filter was not taken into account in calculating the speed numbers, since relative 
values only were involved. 
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responding to y=1.0 from plots of speed against y for each cage 
The contrast of the emulsions was not appreciably affected by the 
concentration of dye. The data are plotted on a logarithmic scal. 
for compactness; concentrations have been reduced to the common 
basis of the molar ratio of dye to silver bromide.’ 

The slopes of the curves for pinaflavol and pinacyanol sensitization 
are larger than those for the other two dyes. _ This does not correspond 
to any classification of dyes; correlation with the adsorption of the 
dyes on silver bromide may be possible when data are available. 


III. AFTER-RIPENING 


After- -ripening an emulsion, either with the sensitizers naturally 
occurring in gelatin or with known materials, such as allyl thiocarbs- 
mide, can produce a large 1 increase in sensitivity, which is not associ- 
ated with change in grain size, and which can be quite definitely 
ascribed to the formation of sensitivity nuclei. The relation of this 
effect, which we may call nuclear sensitization, to spectral sensitiza- 
tion by dyes, is of obvious importance. Sheppard (10) has briefly 
described experiments on this subject. An emulsion was made up 
with inert gelatin, and portions of 1t were sensitized with er sikbeie, 
pinacyanol and a green sensitizer not specifically named. Another 
emulsion was made up with active gelatin so as to give the same mean 
grain size and the same size-distribution, and portions sensitized in the 
same way. It was found that for each dye, the ratios of red or green 
sensitivity to the blue-violet sensitivity (that is, for those wave lengths 
absorbed by the silver halide) were ‘‘substantially the same”’ in the 
two emulsions. The relative spectral sensitivity of an emulsion was, 
therefore, found to be practically independent of the formation of 
nuclei. This conclusion is so important that it was tested under a 
variety of conditions. 

It is necessary to present the results in tabular form, because on 
comparing the undigested and digested portions of an emulsion 
made with active gelatin there are found differences both in speed 
and contrast. The same applies to portions of an emulsion made 
with inert gelatin and digested with and without a nuclear sensitizer. 

Table 1 presents the data for an emulsion made with relatively 
inert gelatin (prepared by digesting an active gelatin with ammonia 
and then washing very thoroughly). After washing, the emulsion 
was divided in halves, to one of which was added a trace of sodium 
thiosulphate. After digestion, each half was divided into four por- 
tions; one was left unsensitized and the other three sensitized with 
three different dyes. It is impossible to express the resulting differ- 
ences by single numbers. The contrast was changed both by the 
thiosulphate and the dyes; of the three dyes, pinacyanol produced 
much the strongest effect. Furthermore, the relation between speed 
number and time of development was changed by both types of sensi- 
tization. However, we may state with confidence that the increase 
in sensitivity to the longer wave lengths was less than the increase 
in total sensitivity (to white light). In this emulsion, the sensi- 
tivity to wave lengths transmitted by the Minus Blue filter was @ 






















§ The molecular weights used for this purpose were: Pinacyanol, 412; pinaverdol, 501; seetion ol, 366; 
erythrosin, 898. The concentrations are of the order of a few milligrams of dye per liter of emulsion con: 
taining 40 to 45 g of silver bromide. 
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small fraction of the total, so that white light and blue light sensi- 
tivities were equivalent within the necessary limits of accuracy. 


TaBLE 1.—Effect of nuclear sensitization, by NazS2,03, on sensitization by dyes 


Neutral type emulsion, 4 per cent Agl (4-103) coated at pH 6.4, [Br-] 910-5; half of emulsion sensitized 
‘ with Na2S20s3 sufficient to convert 2 parts AgBr per 100,000 to Ag2S] 


| 
| 
AT ] 
| White light exposure | Minus blue filter 
| exposure 
Molar 
ratio 
dye to Speed 


} 
| 
| 
nee | 


et 7s oO : 5¢ i0. 26)0. 33} . a 
; , Pinaflavol_......| 6.71075 53) 65) . 34] . 35/0. 43) 4.0) 3. 
Control... - Erythrosin.. .1X10-4| 21. 3} 85) . 26] . 36] . 39) 3. 5) 3. 


5) 3. 510. 26 0. 57/0. 7 
1 | 3 
Pinacyanol__-. 5.9 10-| 31. ‘ 25) . 55] . 77] . 95) 8.0 


.16 .30} . 40] 
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fie a O _|430 | 255} 230] . 51] . 94) | 


1.41 ec Pe 
Pinaflavol ..-| 6.7 10-5)é 365) 325) . 64) . 92/1, 29/12. 3/13. 8/13. 5} . 88/1. 07/1. 86} 
Erythrosin 1. 1X10-4/225 | 235} 235) . 63) . 95/1. 40) 9. 6) 9. 2) 7.6) . 57)1. 03}1. 63} 
Pinacyanol 5.9X10-5/120 | 105) 96 
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.73}1. 10/1. 66] 9. 6) 9. 6} 9. 1/1. 05/1. 70/2. 42] 
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Similar experiments with other emulsions and two of the dyes are 
recorded in Table 2. These emulsions had finer grain and lower 
iodide content, which probably accounts for the much better ratio of 
red or green sensitivity to blue sensitivity. This ratio was unchanged 
or somewhat decreased on increasing the total sensitivity by thio- 
carbamide sensitization. 

The emulsions listed in Table 3 were made with active gelatin, 
and compared with and without digestion after washing. The 
variation in sensitivity nuclei in this case was obtained by; varying 
the completeness of the reaction with the available sensitizing com- 
pounds, instead of by varying the quantity of the latter. ‘The results 
are very similar to those obtained with the pure sensitizing com- 
pounds. The relative sensitivity to longer wave lengths was appre- 
ciably decreased by the after-ripening, although the absolute value of 
sensitivity to red or green increased two or more times. 

These last experiments also included the behavior of the dye when 
present during digestion. Two portions of emulsion were digested 
under conditions identical except that the dye was added before 
digestion to one, and after digestion (the usual procedure) to the 
other. The sensitization by erythrosin was less when it was present 
during digestion than when it was added afterward (just before 
coating); pinacyanol was more effective under the former conditions, 
while pinaflavol was about the same. 
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TABLE 2.—Effect of nuclear sensitization, by allyl thiocarbamide, on sensitizatioy 
by dyes 


{Neutral emulsion (4-48), 1 per cent AgI, coated at pH 7.5, Br-1.3X10-5; ammonia process emulsioy 
(1-153), 1 per cent Agl, coated at pH 8.3, Br-1.3X10-5. Half of each emulsion sensitized with ally] thio 
carbamide sufficient to convert 8 parts AgBr per million to AgeS. ‘‘A” red filter used for exposure of 
pinacyanol sensitized batches; minus blue (yellow) filter for others] 





Blue light exposure (‘‘C”’ Yellow or red light ex- 
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Fiagure 2.—After-ripening with and without erythrosin in the emulsion 


- With dye. O Without dye. 

————_—-—--_ Speed. - — Fog 

x Comparison of speed for exposures to white light and through Minus Blue filter at varying 
Stages of digestion. 





The data in Table 3 on sensitivities to white light show that the 
after-ripening was materially retarded by the presence of — 
during digestion, while the other two dyes had less effect. Eder | 
observed that some dyes prevented fog when present during 2 





0. 24 











Carell | The Photographic Emulsion 535 


Hubbar 























Liippo-Cramer (12) has found that in Lippman emulsions erythrosin 
and other sensitizing dyes can produce a striking retardation of the 
whole ripening process, and that in normal emulsions erythrosin 
present during digestion retards after-ripening (13). After-ripening 
being essentially a surface change in the grains, it is not surprising 
that it is influenced by the adsorption of a foreign material. Further 
data were obtained by a slightly different procedure. Emulsions 
were divided into halves, which were digested at the same tempera- 
ture and silver ion concentration, one with and one without a sensi- 
tizing dye. The results are plotted in Figures 2 and 3 as speeds (at 
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FiGuRE 3.—After-ripening with and without pinacyanol in the emulsion 


- With dye. O Without dye. 

———_——_———— Speed. ————— Fog. 

X Comparison of speed for exposures to white light and through Minus Blue filter at varying 
Stages of digestion. 


7=1.5) for white light exposures against time of digestion. On the 
same sheet the speeds (at y=1.5) for exposures through the Minus 
Blue filter are plotted against the white light speeds. The latter 
curve would be a straight line if the relative spectral sensitivity were 
unchanged by the after-ripening.t The curvature indicates that it is 
slightly increased. The other curves show that the rate of after- 





Be In both figures, this curve intercepts the horizontal axis at a small positive value of ‘‘speed for exposure 
‘trough Minus Blue filter,” as the speed of the unsensitized emulsion did not fall quite to zero on exposure 
‘trough the Minus Blue filter. 
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ripening was divided by about four when erythrosin was present. 
Pinacyanol approximately halved the rate. Both dyes also retarded 
the growth of fog. In both figures, the slope of the curve of fog 
against digestion time is less for the portion digested with dye thay 
for the one digested without it. The effect is less noticeable jy 
Figure 3 because the fog density at any time was increased by the 
addition of pinacyanol, although the rate of increase with time was 
less. The data in Table 3 also show that the fog for the portion 
digested with pinacyanol was less than for the one to which the same 
amount of dye was added after digestion. 


TABLE 3.—Effect of after-ripening (by digestion) on sensitization by dyes 


{Neutral emulsions 4-50 and 4-51; 244 per cent AgI, with subsequent ammonia ripening; coated at pH § 
Br- 1.2X10-5. Red filter used for exposure of pinacyanol sensitized batches; yellow filter for others} 


Exposure through yellow 
(Minus Blue) or red 
(A) filter 


| White light exposure | 
| 
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IV. HYDROGEN ION CONCENTRATION 


There is little in the literature to indicate the effect of hydrogen ion 
concentration of the emulsion on the effectiveness of sensitization by 
dyes. All the basic sensitizing dyes known to the writers may be 
decolorized by a moderate hydrogen ion concentration and in some 0! 
the classes, notably the isocyanines (14) (15), this occurs within the 
range which might be encountered in emulsions. The sensitizing 
properties would obviously be expected to diminish with the color. 
Approximate tests with the dyes used in these experiments showed that 
pinaverdol is appreciably decolorized by pH less than 7, and is almost 
completely decolorized by pH 5. Pinacyanol and pinaflavol did not 
fade appreciably at pH 5.4; the decolorization was barely perceptible 
at 4.2, and not complete at 2. Erythrosin has an appreciable shift 1 
hue to the yellow, beginning about pH 5.4; the acid is mostly pre 
cipitated at pH 3. 

The experimental results are presented in Figures 4 and 5, the logs- 
rithm of the speed through the Minus Blue filter (at y=1.5) bemg 
plotted against pH. For comparison, the logarithm of the speed 
(to white light) of unsensitized portions of the emulsions sensitize 
with pinacyanol is also plotted in Figure 4. The emulsions were al! 
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digested after washing and before adding the dyes, under the same 
conditions of temperature, silver ion concentration and pH, and the 
pH was adjusted just before coating so that it did not affect the after- 
ripening. With the exception of pinaverdol, the data for each dye 
and also for the unsensitized portions) represent two emulsions, one 
for the range below pH 7 and one for the range above. These fit 
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Fiaure 4.—Variation in sensitivity with hydrogen ion concentration 


o Speed for white light exposure, unsensitized emulsions. 
0 Speed for exposure through Minus Blue filter, pinacyanol-sensitized emulsions. 
. Speed for exposure through Minus Blue filter, pinaverdol-sensitized emulsion. 


sufficiently well to draw single curves, except for erythrosin. (Fig. 5.) 
The discrepancy between the two emulsions in this case is explained 
by a difference in silver ion concentration, to which erythrosin is 
especially sensitive. The emulsion used for the acid range had a silver 
ion concentration at pH 7 of 1.31078, while the concentration for 
the other was 0.66 X 10~* at the same pH. The effect of differences in 
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Ficure 5.—Variation in sensitivity with hydrogen ion concentration 
All exposures through Minus Blue filter. 


. Pinaflavol-sensitized emulsions. 
0 Erythrosin-sensitized emulsions. 


silver ion concentration in other cases was negligible. These emul- 
sions were made with a gelatin giving very little change in sensitivity 
of the unsensitized emulsions with pH (upper curve in fig. 4), so 
80 that this complication was reduced to a minimum. 

The effect of hydrogen ion concentration on sensitization by the 
dyes was apparently characteristic of the individual dye. At the 
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most, it was less than the effect of silver ion concentration, as may be 
seen by comparison with the curves of Figures 6, 7, 8, and 9, which 
are on the same scale. Pinacyanol in the alkaline range (fig, 4 
showed the largest effect, with little change between pH 7 and 5. 
Erythrosin consistently increased in effectiveness with increasing pl]: 
this may possibly be explained by increasing dissociation, as it is the 
salt of a weak acid. Pinaflavol showed a maximum around the 
neutral point. (Fig. 5.) Sensitization by pinaverdol (fig. 4), felj 
off rapidly as the acidity was increased past pH 5, as would be 
expected from the decolorization of this dye by acid. Sensitivity at 
pH less than 4.5 became too low to measure accurately. The change 
from pH 5 to 9 was quite small. No generalization on the basis of 
these data appears to be justified. 


V. SILVER ION CONCENTRATION 


The most important of the variables which we have studied is the 
silver ion concentration of the emulsion. This condition may also 
be expressed in terms of the excess of soluble bromide or soluble 
silver salts in the emulsion, as has been the commonest practice in 
the literature, but our results indicate that the silver ion concentrs- 
tion may be used to simplify the statement and understanding of the 
condition in a manner quite analogous to the use of hydrogen ion 
concentration for acidity and alkalinity. As explained in previous 
communications (4) (5), the emulsion may be considered as saturated 
with silver bromide, so that the product of silver and bromide ion 
concentrations is a constant at a given temperature (9 X 10-* at 30° 
and either concentration may be computed from the potential of a 
silver electrode in the emulsion and used to express its condition. 
The addition of soluble bromide to an emulsion thus decreases its 
silver ion concentration; the addition of a soluble silver salt increases 
the silver ion concentration. In both cases the rate of change is less 
in the emulsion than it would be in plain aqueous solution. Adsorp- 
tion of soluble bromide on silver bromide retards the increase in 
bromide ion concentration on one side of the equivalence point, and 
formation of unionized silver-gelatin compounds reduces the silver ion 
concentration on the other side. 

As it is essential that the sensitizer should dye the silver halide, 
sensitization will be dependent on conditions which affect its adsorp- 
tion to the grain. The sensitizing dyes are known to be ionized, and 
are adsorbed on the highly polar silver halide lattice, so that it 1s 
relatively simple to predict some of the effects of silver ion concen- 
tration in the emulsion. In the presence of soluble bromide (bromide 
ion concentration greatly exceeding silver ion concentration), silver 
bromide will strongly adsorb bromide ions at the silver ions of the 
crystal lattice, and will acquire a negative charge. The adsorption 
of the negatively charged ion of an acid dye, such as erythrosin, wil 
thus be reduced, since it must compete with the bromide ions for the 
silver ions of the lattice. The presence of an excess of silver will 
conversely, increase the adsorption of the color ion of an acid dye 
on silver bromide, because the silver ions of the lattice will be free 0! 
adsorbed bromide and thus more available to the ions of the dye: 


5 It should be remembered that in a gelatin emulsion, the adsorption of the gelatin to the silver bromic 
interferes very materially with the adsorption of either type of dye. This is almost certainly one of the 
reasons why gelatin emulsions are not sensitized as readily as collodion emulsions. 
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By the same type of reasoning we may predict that the adsorption 
of basic dyes should be greater in the presence of an excess of bromide 
ions, and should be reduced by an excess of silver ions. 

The shift in adsorption of dyes with silver ion concentration is 
used in the titration of silver against halogen with adsorption indi- 
cators (16). It is of interest that the best results are obtained with 
acid dyes (fluorescein and the eosins, including erythrosin) and that 
the basic dyes which can be used as indicators (17), methyl violet 
for example, may be used as sensitizers for collodion emulsions. 
The first observation of the effect was apparently made by von 
Hiibl (18) who discovered a change in color of cyanine on silver bro- 
mide with the addition of excess silver or bromide to the solution. 
Lippo-Cramer (19) found that, in accordance with the theory, 
erythrosin was displaced from various insoluble salts by the corre- 
sponding anions, while basic dyes were not. 

Observations on collodion emulsions (20) have been in accord 
with the simple theory. Acid sensitizers are adversely affected by 
the slightest traces of soluble bromide, and are preferably used with 
the addition of soluble silver salts, while the basic dyes are most 
effective in the presence of a slight excess of bromide. It should be 
remembered that collodion emulsions are not sensitized by the basic 
dyes, such as pinacyanol, until the alcohol has been largely displaced 
by washing with water, so that we are justified in discussing the ioniza- 
tion on the basis of an aqueous system. 

Liippo-Cramer (21) (22) found that in sensitizing gelatin emulsions 
by bathing, erythrosin was more affected by soluble bromide in the 
dye bath than was the basic dye pinachrome. However, the simple 
theory just given fails to predict that small amounts of soluble bromide 
will cause any decrease in sensitization by basic dyes, and something 
further is necessary to account for the fact that this decrease exists 
and is of such magnitude that most writers have failed to note the 
difference between the behavior of the acid and basic dyes. In the 
first place, the adsorption of the basic sensitizing dyes on silver 
bromide is not as simple as that of erythrosin. Sheppard, Lambert, 
p and Keenan (14) found that at pH 5, pinacyanol was adsorbed much 
more strongly on silver bromide with excess of silver ions than on 
the same sample with excess of bromide ions. At pH 7.5 the order 
was reversed. Adsorption of dichlorofluorescein followed the simpie 
theory. Bokinik (23) also reports stronger adsorption of pinacyanol 
on silver bromide with excess of silver ions than on an “equivalent” 
sample; the pH is not given. More data on adsorption of the basic 
sensitizers is evidently necessary for adequate theoretical treatment. 
In the second place, there is the possibility of some factor depending 
on silver ion concentration and affecting acid and basic dyes alike, 
the effects of changes in adsorption being superposed on this. In a 
system such as the photographic emulsion where gain or loss of bro- 
mine 1s probably the significant chemical change, the oxidation- 
reduction potential should. depend on the silver (or bromide) ion 
concentration in a manner exactly analogous to its dependence on 
hydrogen ion concentration. If we adopt the working hypothesis 
that sensitization is the result of chemical reduction of silver bromide 
by the dye, a decrease in sensitization by increasing bromide ion 
concentration is to be expected. This hypothesis involves the simplest 
and most definite mechanism of sensitization, and in the absence of 




















540 Bureau of Standards Journal of Research [ Vol.9 


proof to the contrary,’ we believe it is worthy of support (24). It js 
essentially the converse of the oxidation theory of desensitization, 
The implied continuous gradation between sensitization and desengi- 
tization has been realized by Kégel and Bene (27) and in this labors. 
tory (28) by change in silver ion concentration. Independent evi. 
dence of photochemical reaction between silver bromide and sensitizing 
dyes is given by the accelerated bleaching of the dyes when adsorbed 
on silver bromide. 

As the relative magnitude of the effects of changes in oxidation. 
reduction potential and in adsorption can not be predicted, the 
change in sensitization with silver ion concentration, which is the 
algebraic sum of these effects, may take a variety of forms, but we 
may at least expect that the basic dyes will be less sensitive to the 
addition of soluble bromide than the acid dye. 








2.0 
—03 
¢ 
° 
” 
om 5 ” 
4 oO 
Q. ee 
“” c 
ras 0.0 » 
° 6 
1.0 > 
° M 5 
al QO wo 
x 
0.3 « 
0-5 
0.0 Lx | | | | | oy -] 











-9 -8 -7 -6 
Log of silver ion concentration 


FicurE 6.—Variation in sensitivity with silver ion concentration 


O Speed of pinaverdol-sensitized emulsion for exposures through Minus Blue filter. 
X Quantities of silver sulphate or potassium bromide added to 175 ml of emulsion, containing 0.040 
equivalent of silver bromide, to produce indicated silver ion concentrations. 


Our data are presented in Figures 6, 7, 8, and 9. The logarithm of 
the speed (at y= 1.0) for exposures through the Minus Blue filter has 
been plotted against the logarithm of the silver ion concentration in 
the emulsions. The logarithmic scale for the speed numbers was 
adopted as the best means of comparing the data for emulsions which 
differed considerably i in speed. The total (white light) sensitivity of 








6 The re sults of Leszynski (25) have been widely quoted as proof that sensitization can not depend on 
photochemical! reaction between the dye and the silver halide, since it is practically impossible thus tos 
count for his reported yield of 20 atoms of photo-silver per moleeule of erytbrosin (without development 
The writers are, however, unable to accept his data as adequate to a crucial test. The figure just quote 
was obtained by ascribing to the action of the sensitizer al) the silver found in an erythrosin-sensitized emu’ 
sion after exposure to green light, but Leszynski’s own data show that the exposure used to secure the abov' 
yield was 10 § times that necessary to produce a developable density of 1 in the same emulsion without th 
erythrosin, using exactly the same source of green light (an incandescent light with filter). Granting the 
green light was many times more effective in producing a developable image in the erythrosin-sens ur ¢ 
portion of the emulsion than in the unsensitized, the absence of control analysis on the unsensitized emu 
after the same exposure renders his conclusion very uncertain, especially as no details are given for his et 
periments which lead him to believe that the Becquerel effect was not involved. The results of Tollert (2! 
are open to the same criticism for lack of control experiments. 
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FiaurE 7.—Variation in sensitivity with silver ion concentration, for erythrosin- 
sensitized emulsions 

- ,o Neutral emulsions. 

OQ Ammonia-process emulsion. 

All speeds for exposures through Minus Blue filter. 
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FicurE 8.—Variation in sensitivity with silver ion concentration, for pinaflavol 
sensitized emulsions 

+, Neutral emulsions. 

X , O Ammonia-process emulsions. 

All speeds for exposures through Minus Blue filter. 
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the emulsions did not vary materially with the silver ion concentrs. 
tion, so that the speed numbers corresponding to the filter exposures 
indicate the changes in sensitization. 

The data were obtained by varying the silver ion concentrations of 
the emulsions after digestion and addition of the dye and just before 
coating; the after-ripening of all portions was the same within the 
limits of error of sensitometry, so that the observed results may be 
ascribed directly to the effect of environment on the dye-silver halide 
combination. ‘The silver ion concentration was adjusted by appro- 
priate additions of potassium bromide or silver sulphate. In Figure 6, 
one curve represents the change in sensitivity of a pinaverdol-sensi- 
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Figure 9.— Variation in sensitivity with silver ion concentration, for pinacyanol- 
sensitized emulsions 

-,0, Neutral emulsions. 

X , O Ammonia-process emulsions. 

All speeds for exposures through Minus Blue filter. 


tized emulsion with the silver ion concentration; the other shows the 
amounts of potassium bromide or silver sulphate which were added 
to the corresponding portions of emulsions to produce trese silver ion 
concentrations. Equivalence of bromide and silver ion concentra- 
tions occurs close to —6 on the logarithmic scale, but this corre- 
sponds (5) to an excess of silver over bromine in the emulsion. The 
emulsion after washing (with no addition of bromide or silver) con- 
tained only a very slight amount of soluble bromide, but the silver ion 
concentration was repressed by the gelatin, and, therefore, was much 
smaller than the bromide ion concentration. The curve obviously 
corresponds to the change in potential of a silver electrode on passing 
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through the equivalence point of a titration of silver against bromide; 
in the presence of the gelatin at this pH (about 7), the equivalence 
point is displaced toward increasing bromide ion concentration and the 
“break”? is not as sharp. The results with other emulsions were very 
similar. 

Two general classes of emulsions were used—the neutral (‘‘C’’) 
type, with 4.0 mol per cent Agl, coated at pH 7+0.5, and the am- 
monia (‘‘A’’) type, with 1.0 mol per cent AglI, coated at pH 8 to 8.5. 
No differences which could be ascribed to the emulsion type were de- 
tected. 

The range of silver ion concentrations which could be used in the 
experiments was limited by the increasing fog and instability of the 
batches with increasing excess of silver. ‘The emulsions for this 
series of experiments were made with partly deactivated gelatin in 
order to reduce fog. The fog density for 12-minute development in 
pyro-soda without bromide was normally less than 0.5, and in no 
case exceeded 0.75. 

By centrifuging the experimental emulsions, they could be cleared 
of silver halide and the concentration of any dye which had not been 
adsorbed could be observed. The change in adsorption of erythrosin 
with changing silver ion concentration was readily detected in this 
way. It could not be measured with any accuracy because the dye 
changed in hue as well as in concentration, but by comparison with 
known solutions of the dye made up in a gelatin solution correspond- 
ing to the emulsion, it was estimated that in one emulsion, half the 
dye was adsorbed at a silver ion concentration of 1.2 x10~°, while 
five-sixths was adsorbed at a silver ion concentration of 3x10~°. 
Pinacyanol and pinaverdol in photographically practicable concen- 
trations were adsorbed too strongly to make any comparison possible, 
while the color of the gelatin, plus a change in hue of the dye, inter- 
fered with measurements of pinaflavol remaining in the emulsion. 
Quantitative work will obviously have to be done under other condi- 
tions, but it is worth recording that the effect could be detected in the 
emulsion. 

The curves for all the dyes show that sensitization decreases with 
decreasing silver ion concentration in the range 107’ to 107! which 
corresponds to concentrations of soluble bromide sufficient to give 
moderate to good stability to the emulsion. This indicates that the 
effect common to all dye-emulsion combinations, which we have 
ascribed to change in oxidation-reduction potential, is the largest 
factor involved. The differences between the dyes are significant and 
generally in accordance with the expected change in adsorption. The 
slopes of the curves for erythrosin-sensitized emulsions (fig. 7) are 
larger than those of emulsions sensitized with any of the other dyes, 
since the adsorption of this acid dye increases with increasing silver ion 
concentration and the sign of the resulting change in sensitization is, 
therefore, the same as that of the common factor. The curves for 
sensitization by all three of the basic dyes appear to reach a maximum 
value, the decrease in sensitization with increasing silver ion eoncen- 
tration being most certainly established for pinaflavol (fig. 8) and 
least certainly for pinacyanol. (Fig. 9.) The slopes of the curves on 
the bromide side of the maximum are least for pinaflavol and greatest 
for pinacyanol, pinaverdol being intermediate. Pinaflavol is by far 
the most soluble of the three basic dyes, and observations under com- 
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parable conditions both in the emulsion and with pure silver bromide 
indicate that it is less completely adsorbed than the other two. 
Changes in adsorption caused by change in silver ion concentration 
should, therefore, have more effect on the sensitization by pinaflayo] 
than on that by the other basic dyes, and it is to be expected that the 
general trend should be more completely counteracted by the predicted 
decrease in adsorption with increasing silver ion concentration. The 
net result is that the change in sensitization by pinaflavol is close to 
the experimental error over a considerable range of silver ion concen- 
tration, although there is an unmistakable decrease at a sufficient 
excess of silver. 

Increase in relative spectral sensitivity by increasing the silver ion 
concentration in the emulsion is very seriously limited in practice by 
the instability of the resulting product. If the emulsion must be 
kept for 6 to 12 months under ordinary conditions without serious 
deterioration (which might be regarded as the minimum commercial 
requirement) it is necessary in emulsions of the type used in these 
experiments to have the silver ion concentration approximately 
2x10-* Nor less. (This corresponds to 2 to 3 molecules of soluble 
bromide per 1,000 of silver bromide). Silver ion concentrations up 
to 10-° N are produced in hypersensitized materials (3), but these cor- 
respond to a useful life of a few weeks or even days. Deterioration 
of the emulsions in which the silver ion concentration was adjusted 
before coating went on at a rate increasing with this factor; the 
batches with the highest concentrations indicated behaved like hyper- 
sensitized materials. 

A number of patents (29) have recently been secured on organic 
materials which are described as preservatives for emulsions. One 
of these, nitrobenzimidazol, has also been studied (30) as a substitute 
for soluble bromide in development. Since its use is patented, any 
practical investigation by this laboratory is unjustified, but the 
mechanism of its action is of considerable scientific interest. Nitro- 
benzimidazol was synthesized in this laboratory and purified by 
recrystallization from hot water and from alcohol. Its crystals 
formed the characteristic groups of flesh-colored needles, and melted 
at 209° C. The silver compound was prepared by precipitation from 
dilute aqueous solutions of nitrobenzimidazol and silver nitrate. 
After thorough washing, the silver ion concentration in saturated 
solutions of the compound was determined by the silver electrode at 
30°C. At pH 7.1 Gn 0.010 N sodium acetate solution) it was found 
to be 2.3 x 107" N, indicating that the compound is more insoluble 
than silver bromide. The silver is, however, readily displaced by 
hydrogen, since at pH 3.5 (0.010 N acetic acid) the silver ion con- 
centration in a saturated solution was 6.4x107-5 N. In emulsions 
at approximate neutrality it produces some decrease in silver ion con- 
centration, but experiments on afterripening with the addition of 
nitrobenzimidazol indicated that mol for mol, it produces about ten 
times the effect of soluble bromide in delaying afterripening. Some- 
thing more than the decrease in silver ion concentration must be 
involved, and another method of attack would be necessary to 
decide what this might be. 

Experimental emulsions were divided after digestion into portions 
which were, respectively, coated unsensitized and sensitized with 
erythrosin, pinaflavol, and pinacyanol, each of these being subdivided 
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nto halves with and without the addition of nitrobenzimidazol. It 
was found that the preservative selectively depressed the sensitivity 
conferred by the dyes, the effect being greater for the exposures 
through the filter than for the white-light exposures of the unsensi- 
tized portions. The effect was of the same order of magnitude as 
would be produced by soluble bromide with the same preservative 
action, although our data do not exclude the possibility that under 
other conditions this stabilizer might be superior to soluble bromide 
in this respect. The effect of the nitrobenzimidazol on the individ- 
ual dyes was appreciably different from that of soluble bromide. 


' The depression of sensitization increased in the order erythrosin < 
| : 


pinaflavol<pinacyanol. A possible explanation may again be found 
in terms of adsorption. The insolubility of the silver compound of 
nitrobenzimidazol indicates that this material should be strongly 
adsorbed by the silver bromide, most probably by the silver ions. 


| This would bring it into competition with the basic, rather than the 


acid dyes, so that erythrosin should be the least affected of the three. 
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A METHOD FOR THE SEPARATION OF RHODIUM FROM 
IRIDIUM AND THE GRAVIMETRIC DETERMINATION 
OF THESE METALS 


By Raleigh Gilchrist 


ABSTRACT 


A method is described for the analytical separation of rhodium from iridium by 
means of titanous chloride. Two precipitations of the rhodium, as metal, from 
a solution of its sulphate in sulphuric acid were found to be sufficient to separate 
it completely from iridium. Following the separation, methods are described 
for the determination of rhodium by precipitation with hydrogen sulphide, for the 
elimination of titanium by precipitation with cupferron, and for the determination 
of iridium by hydrolytic precipitation. 

An alternative method is offered in which rhodium and iridium are determined 
' together in one sample by hydrolytic precipitation, and rhodium separately in a 
second sample. 
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I. INTRODUCTION 


The separation of rhodium from iridium has long remained one of 
the most difficult of the analytical problems of the platinum group of 
metals. Berzelius,' in a general scheme for the analysis of crude 
platinum, used molten potassium bisulphate to separate these two 
metals from one another. This method is unsatisfactory because of 
the incomplete removal of rhodium and the partial solution of iridium. 

Another method, which is in current use, was employed by Claus,’ 
and by Leidié* in schemes for the analysis of crude platinum. In 
these schemes the separation is based upon the precipitation of 
quadrivalent iridium as ammonium chloroiridate by ammonium 
chloride. Experience in this laboratory with the purification of the 
platinum metals has shown that rhodium contaminates iridium, 
when the latter is precipitated as ammonium chloroiridate, and that 
it can be eliminated on with great difficulty, if at all, by repeated 
precipitation of the iridium. Furthermore, since ammonium chloro- 
indate has a slight solubility, some of the iridium must remain with 
the rhodium. 


'J. J. Berzelius, Ann. Physik (Pogg.), vol. 13, p. 533, 1828. 
'C. Claus, Beitriige zur Chemie der Platinmetalle, Dorpat, 1855, p. 55. 
*E. Leidié, Compt. rend., vol. 131, p. 188, 1900. 
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In a recent article, Ogburn and Miller * proposed a method for the 
determination of osmium in which strychnine sulphate, C,, H, ,O,N,~ 
H,SO,, is used as a precipitating reagent. Attempts were made to 
determine whether this reagent could be used to effect the separation 
of iridium from rhodium. The reactions of strychnine sulphate with 
solutions of the quadrivalent platinum metal chlorides were observed. 
In each case a precipitate was obtained. No precipitate was obtained 
in chloride solutions of tervalent rhodium, tervalent iridium, or 
tervalent ruthenium (quadrivalent ruthenium chloride which had 
been heated with alcohol). In its reaction with the quadrivalent 
chlorides, the strychnine salt appears to behave like an ammoniun 
salt, but with the production of compounds of much lower solubility, 

It was found possible to precipitate iridium completely from 
solutions of ammonium chloroiridate in diluted hydrochloric acid 
(6+95).° The reagent, moreover, caused no precipitation of rhodium 
from similarly acidified solutions of pure rhodium chloride. However, 
when strychnine sulphate was added to solutions containing both 
iridium and rhodium as chlorides, the iridium was found to be con- 
taminated by rhodium to the extent of from 10 to 37 per cent of the 
rhodium present in the solutions. It was found possible to redissoly2 
the iridium precipitate by treatment with nitric acid or with sodium 
nitrite, but it was not found possible to treat the solution in such a 
way as to permit the quantitative reprecipitation of the compound. 

Wada and Nakazono,® while studying the behavior of titanous 
sulphate toward various elements, observed that this reagent caused 
complete precipitation of metallic rhodium from solutions of its 
chloride, whereas iridium was not precipitated from its chloride solu- 
tion. Apparently, the effect of the reagent on solutions containing 
both rhodium and iridium was not studied. 

Attempts, in this laboratory,’ to use the foregoing reactions as a 
method of separation showed that the precipitated rhodium was 
contaminated with as much as 10 per cent of the iridium present. 
In the absence of any known means of redissolving the precipitate 
and thus preparing it for a second precipitation, the best that could 
be done was to fuse the ignited metal with pyrosulphate, in order to 
extract the rhodium. It was found that a small amount of iridium 
passed into solution and that the residues from the pyrosulphate 
fusions always retained some rhodium. The method, therefore, could 
not be made strictly quantitative but, in spite of its shortcomings, 
it was better than any other known procedure. The objects of the 
work described in this paper were to develop this method of separa- 
tion into a strictly quantitative one and to provide suitable methods for 
the determinations of the two metals after they had been separated. 


II. COMPOUNDS USED IN THE EXPERIMENTS 


The iridium and the rhodium which were used throughout the 
investigation were purified by methods previously described * and 
were found to be free from impurities by spectrographic analysis. 


4S. C, Ogburn, jr., and L. F. Miller, J. Am. Chem. Soc., vol. 52, p. 42, 1930. i 

5 This denotes 5 volumes of hydrochloric acid, specific gravity, 1.18, mixed with 95 volumes of water 
This system of designating diluted acids is used throughout this paper. If no dilution is specified, the 
concentrated reagent is intended. The concentrated sulphuric acid used had a specific gravity of 1.44. 

¢I. Wadaand T. Nakazono, Sci. papers Inst. Phys. Chem. Research, Japan, vol. 1, p. 139, 1923. 

7? Unpublished work by W. H. Swanger and by H. A. Buchheit. ad ae 

‘ E. Wichers, R. Gilchrist, and W. H. Swanger, Trans. Am. Inst. Mining Met. Eng., vol. 76, p. 602, 194. 
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In order to avoid errors incident to volumetric measurements, 
weighed portions of the compounds, ammonium chloroiridate and 
ammonium chlororhodite, were used. Care was taken to avoid the 
presence of alkali chloride or of other nonvolatile impurities in the 
salts, but no attempt was made to prepare compounds of definite 
composition. The salts were carefully mixed by grinding in an agate 
mortar and the metallic content determined by direct ignition in 
hydrogen whenever a series of samples was weighed. It was never 
calculated from the theoretical composition of the salt. 


III. DETERMINATION OF IRIDIUM BY HYDROLYTIC 
PRECIPITATION 


By far the most difficult phase of the problem under consideration 
was that which dealt with the determination of the iridium after its 
separation from rhodium by tervalent titanium. Since the solution 
at this stage contains the titanium which has been added, it is neces- 
sary to effect a separation of the iridium from titanium. The most 
direct way to do this is to precipitate the iridium by hydrogen sul- 
phide.® Certain difficulties were encountered in an attempt to use 
hydrogen sulphide, such as incomplete precipitation of iridium and 
partial hydrolysis of titanium compounds, even though considerable 
quantities of tartaric acid were added to the solutions. The deposition 
of titanium dioxide was particularly noticeable on the walls of the 
beaker just above the level of the solutions. The titanium dioxide 
often formed an adherent mirror on the glassware. It likewise 
contaminated the sulphide precipitate and could be removed later 
only by fusion with bisulphate. The recovery of iridium by hydro- 
gen sulphide will undoubtedly have many advantages when the 
proper conditions of control have been fully established. For the 
present, however, it seemed expedient to consider some other means 
by which the iridium could be recovered. 

Preliminary experiments showed that the titanium could be 
entirely eliminated by precipitation with cupferron (ammonium 
salt of nitrosophenylhydroxylamine, C,;H;N-NO-ONH,). It was 
found that the small quantity of iridium, of the order of 1 mg or less, 
which contaminated the first cupferron precipitate, was completely 
recovered by reprecipitating*the titanium. 

Previous work on the determination of ruthenium ” and of os- 
mium " by hydrolytic precipitation suggested that a similar method 
was feasible for iridium. Sodium bicarbonate was added to boiling 
aqueous solutions of ammonium chloroiridate until the color became 
green. Sodium bromate was then added and the solutions were 
boiled for 25 minutes to coagulate the finely divided precipitate and 
to insure complete precipitation. The greenish-black precipitates 
were treated as described in the procedure given later. The acidities 
of the filtrates from the hydrolytic precipitation were determined ap- 
proximately by means of indicator solutions. In four of the solutions 
from which complete recovery of the iridium was obtained, the 
acidities ranged from pH 4 to pH 4.6. In the fifth filtrate the pH 





: * This method of recovery of iridium has certain advantages which make it of importance in the analytical 
chemistry of the platinum group. While the exact conditions which will allow complete precipitation of 
iridium have not yet been fully established, further work is being done and will appear later in the descrip- 
tion of a general method for the  emeyp’s of the platinum group. 


” Gilchrist, B. S. Jour. Research, vol, 3, p. 993, 1929. 
" Gilchrist, B. 8. Jour. Research, vol. 6, p. 421, 1931. 
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value was somewhere between 1.5 and 4. This filtrate was found 
to contain a small quantity of iridium. 

In order to establish proper conditions for the iridium precipitation, 
it became necessary to be able to detect small amounts of iridium jp 
the filtrates from the hydrolytic precipitations. A test which has 
been frequently employed in this laboratory consists in the develop. 
ment of a green or blue color’? when a concentrated solution of 
sulphuric acid, containing iridium, is heated with nitric acid. With 
quantities of iridium less than 0.1 mg, the color developed is green, 
with larger amounts it is blue. <A few precautions, however, must 
be observed. Chlorides appear to decompose the particular com. 
pound responsible for the blue color. The sulphuric acid, therefore. 
must be heated until heavy vapors are evolved and this treatment 
repeated, after the addition of a small quantity of nitric acid, until 
all hydrochloric acid is expelled. Furthermore, the strongly acid 
solution must not be heated for too long a time after the last addition 
of nitric acid. If these two precautions are observed, the color will 
often remain visible for as long as a week. The test is likewise 
applicable when considerable quantities of alkali sulphates are 
present. If the composition of the evaporated solution be made to 
approximate that of sodium bisulphate, with a slight excess of sul- 
phuric acid, the color of the salt on solidification will often remain 
visible for several weeks, changing slowly from blue to violet with 
the absorption of water from the air. The limiting quantity of 
iridium capable of certain detection, under the conditions mentioned 
above, appeared to be 0.1 mg. 

The results of the determination of iridium by hydrolytic precipita- 
tion from aqueous solutions of ammonium chloroiridate are given in 
Table 1. The error in No. 12 is ascribed to the fact that the solution 
was too acid. 


TABLE 1.—Recovery of iridium from aqueous solutions of ammonium chloro- 
tridate by hydrolytic precipitation 





| (NH4)2 | 
IrCle 
taken 
42.69 per 
cent Ir | | 


pH of 


Error | fitrate 


| 
| 
| 
. . | . . | 
Iridium | Iridium | 
present oper 

| 





g g g g 

0. 1850 0. 0790 0. 0790 0. 0000 Very faint. Greenish color. 
. 2210 . 0943 . 0931 —. 0012 ~ Deep blue. 
. 2602 -lill - 1112 +. 0001 4. 3-4.5 | Colorless. 

. 3121 . 1332 . 1332 . 0000 Do. 

. 1869 | . 0798 . 0000 Do. 

| 

















1 Approximately. 


Since the solution from which the iridium must be recovered after 
the elimination of titanium will contain a considerable quantity o! 
sulphuric acid, it was necessary to establish the conditions for pre- 
cipitating iridium$from such a solution. Solutions of iridium in 10 
ml of sulphuric acid were prepared according to directions given later 
in the section on recommended procedure. These solutions were 
diluted with 20 ml of water and 10 ml of hydrochloric acid and boiled 
for 15 minutes. ‘The solutions were then further diluted, filtered, and 





12 Fresenius, T. W., Qualitative Chemical Analysis (John Wiley & Sons, New York, N. Y.), English 
translation of 17th German ed. by C, Ainsworth Mitchell, 1921, p. 377. 
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almost neutralized with a solution of sodium bicarbonate. A con- 
siderable quantity of sodium bicarbonate was required (approximately 
30 g), but this caused no difficulty in the precipitation. The desired 
end point (pH 4), in the addition of the sodium bicarbonate solution, 
was Indicated by the appearance of a blue color when a drop of brom 
phenol blue solution (0.04 per cent) was allowed to run down the 
stirring rod to which clung a drop of the boiling solution. The 
presence of bromate made the above manner of testing the only one 
feasible. The solutions were boiled for 25 minutes and filtered. 
The precipitates were treated as directed in the section on recom- 
mended procedure. 

The results of the determination of iridium by hydrolytic precipita- 
tion at pH 4 from solutions strongly acid with sulphuric acid and 
hydrochloric acid are given in Table 2. The incomplete precipitation 
in Nos. 56 and 57 is ascribed to the fact that the desired end point 
was not quite reached. 


TasLeE 2.—Recovery of iridium from solutions of tridium sulphate in sulphuric 
acid by hydrolytic precipitation 
(NH )aIrCle 


| taken Iridium | Iridium : : 
in z SO¢-HNOs tes ate 
42.70 per | present |recovered| ©*Tr H380¢-HN Op test of filtrate 


cent Ir 


| 
| 
| 


g g q q 
0. 4139 0. 1767 0. 1762 |— 0.0005 | Faint bluish color. 

. 3297 . 1408 . 1403 —, 0005 Do. 

. 4029 . 1720 . 1721 +. 0001 | No iridium detected. 

. 3510 . 1499 . 1501 +. 0002 eee greenteh color, not more than 0.2 
mg Ir. 
. 1456 14! +.0001 | Very faint greenish color, not more than 
0.1 mg Ir, 
. 4128 . 1763 . 1764 +. 0001 Do. 

















While it was found that iridium was completely precipitated from 
solution by hydrolysis at pH 4 in the presence of bromate, it was 
desirable to learn whether the precipitation was quantitative over a 
range of pH values and whether the addition of bromate was essential. 
It was found that precipitation at pH 6 was quantitative and that a 
shorter time of boiling, 10 minutes, was sufficient, provided bromate 
was present. Solutions of iridium which had been merely saturated 
with chlorine failed to yield complete precipitation. Solutions of 
iridium, which had been evaporated with nitric acid and subsequently 
with hydrochloric acid, turned green at pH 6 and did not yield com- 
plete precipitation without the addition of bromate. In connection 
with this last-named treatment, it was found that the previous addi- 
tion of nitric acid did not prevent the precipitation of iridium as it does 
in the case of ruthenium.}® 


IV. METHOD RECOMMENDED FOR THE SEPARATION OF 
RHODIUM FROM IRIDIUM AND FOR THE DETERMINA- 
TION OF THESE METALS 


1. PREPARATION OF THE SOLUTION 


_ Place the solution containing the rhodium and iridium as chlorides 
in a 500 ml Erlenmeyer flask, closed with a short-stemmed funnel. 
Add 10 ml of sulphuric acid and 2 to 3 ml of nitric acid and evaporate 








" See footnote 10, p. 549. 


137718—32——7 





552 Bureau of Standards Journal of Research [ Vol. 9 


until heavy vapors of sulphuric acid are evolved. Add several por. 
tions of nitric acid from time to time and continue to heat over q 
free flame, keeping the solution in constant motion. Dilute the 
cooled solution with 20 ml of water and again evaporate until vapors 
of sulphuric acid appear. This is done to destroy nitroso compounds 
which may interfere in the precipitation of rhodium by titanous 
chloride. 


2. SEPARATION AND DETERMINATION OF RHODIUM 


Transfer the solution to a clean, unetched beaker, dilute it to 200 
ml, and heat it to boiling. Add dropwise a solution of titanous 
chloride (a 20 per cent solution of this reagent may be purchased) 
until the supernatant liquid appears slightly purple. If the solution 
is placed over a 100-watt light and stirred, observation of the end 
point is greatly facilitated. Boil the solution for two minutes and 
filter it. Wipe the walls of the beaker and also the stirring rod with 
a piece of ashless filter paper. Wash the filter and precipitated metal 
thoroughly with cold diluted sulphuric acid (2.5+97.5). Place the 
filter and contents in a 500 ml Erlenmeyer flask, add 10 ml of sul- 
phuric acid, char gently, then heat the solution until vapors of 
sulphuric acid appear. Destroy the organic matter with nitric acid. 
Fuming nitric acid is preferable to the ordinary concentrated acid. 
If solution of the rhodium is not complete, that is, if some black 
specks remain unattacked, dilute the solution, filter it and return the 
filter to the flask. Wipe down the walls of the flask with a piece of 
ashless filter paper. Add 5 ml of fresh sulphuric acid, char the paper 
and destroy all organic matter with nitric acid. Heat the solution 
until heavy vapors of sulphuric acid are evolved. This treatment 
will insure complete solution of any remaining metal and will leave 
only a slight deposit of colorless silica. 

Precipitate the rhodium a second time in the manner described 
above. Redissolve the rhodium as before, dilute the sulphuric acid 
solution with 20 ml of water and 10 ml of hydrochloric acid and boil 
the resulting solution for 15 minutes. This treatment is necessary to 
convert the rhodium to a form which will allow complete precipitation 
by hydrogen sulphide. Dilute the solution, now rose colored. Filter 
it and precipitate the rhodium by hydrogen sulphide from a boiling 
solution having a volume of from 400 to 500 ml. Filter the solution 
and wash the sulphide precipitate with cold diluted sulphuric acid 
(2.5+97.5) and finally with water. Place the filter with the sulphide 
precipitate in a porcelain crucible. Ignite the dried precipitate care- 
fully in air. Ignite the oxidized residue in hydrogen, cool in hydrogen, 
and weigh as metallic rhodium. 


3. RECOVERY AND DETERMINATION OF IRIDIUM 


Dilute the combined filtrates from the precipitation of rhodium 
by titanous chloride to 800 ml. Cool the solution by placing the 
beaker in crushed ice. Add a chilled, filtered, freshly prepared 
solution of cupferron (6 per cent) in slight excess. Add some filter 
paper pulp, filter by suction and wash the titanium precipitate with 
chilled diluted sulphuric acid (2.5+97.5) containing some cupferron. 
The paper pulp is added to prevent the precipitate from becoming 
too densely packed. Return the precipitate to the beaker and add 
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nitric acid until the compound is mostly decomposed. Add 20 ml 
of sulphuric acid and heat until vapors of sulphuric acid appear. 
Destroy all organic matter with nitric acid. Dilute the resulting 
solution to 800 ml and repeat the precipitation of the titanium. 
The first cupferron precipitate will usually be contaminated by 
about 1 mg or less of iridium. Unite the two filtrates from the cup- 
ferron precipitations and evaporate until approximately 10 ml of 
sulphuric acid remains. Insure the destruction of all organic matter 
by adding nitric acid. Dilute the sulphuric acid solution with 20 ml 
of water and 10 ml of hydrochloric acid and boil the resulting solution 
for 15 minutes. Dilute the solution somewhat, filter it, and precipi- 
tate the iridium by hydrolysis. To do this, add a filtered solution 
of sodium bicarbonate until the acidity of the solution reaches a value 
of pH 6. Since the color of the solution will, in general, mask the 
color of the indicator, it is necessary to make the test on a drop of the 
solution clinging to the stirring rod. Ifa drop of brom cresol purple 
indicator solution (0.04 per cent) is colored faintly blue when it comes 
in contact with the drop of solution on the stirring rod, the solution 
possesses an acidity which will allow complete precipitation of the 
iridium. At this point, add 20 ml of a 10 per cent solution of sodium 
bromate and boil the solution for 20 to 25 minutes. Make sure, 
however, that sufficient bromate is present to oxidise all of the iridum 
to the quadrivalent state. Filter the solution and wash the precipi- 
tate thoroughly with a hot 1 per cent solution of ammonium chloride. 
Place the filter and precipitate of hydrated iridium dioxide in a por- 
celain crucible. Dry somewhat and moisten the contents of the 
crucible with a saturated solution of ammonium chloride. This is 
done to prevent deflagration of the hydrated dioxide on subsequent 
ignition in air. Ignite the filter and precipitate in air and then in 
hydrogen. Leach the metallic residue with diluted hydrochloric 
acid (1+5), transfer it to a filter and wash it with hot water. This 
precaution is taken to insure complete removal of soluble salts. 
Ignite the metallic residue in air. Finally, ignite the resulting oxidised 
metal in hydrogen, cool in hydrogen and weigh as metallic iridium. 

The results of the determination of rhodium and of iridium, ob- 
tained by following the procedure of separation and of recovery 
which has just been outlined, with the exception that the iridium was 
precipated at pH 4, are given in Table 3. The result of one experi- 
ment, in which rhodium was twice precipitated by titanous chloride 
in the absence of iridium, is also included. 


TaBLE 3.—Results of the analysis of solutions containing both rhodium and iridium 
(NH): (NH): | 
Cle 


— Rhodium} Rhodium — Iridium | Iridium 
30.48 per | Present | recovered 42.70 per | Present | recovered! 


cent Rh cent Ir 








Error 








| 
| 
a 


g g g g 
0. 0556 0. 0000 wc PA tele elaree Aalto tel 
. 0451 . . 0000 .17 0/0786 |...c.-.5--. BNNs dodge 
. 1355 ; —. 0001 . 2584 : 

54. 1442]. 0000; .1413 | 0. 1412 | 

91-00... men : . 1216 .1215 | —.0001 . 3804 . 1624 | . 1622 —. 0002 
M43. é d . 2757 . 0840 . 0838 | —. 0002 } af +1320 | . 0000 























Nore.—A very faint greenish color was produced when the filtrates from the hydrolytic precipitation of 


o/s in Nos, 66-54 and 67-55 were tested for iridium. No iridium was detected in the filtrate from No. 
‘ 1. 
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To make certain that the second precipitation by cupferroy 
sufficed to separate all of the iridium from the titanium, the second 
cupferron precipitates were redissolved and the titanium repreciji. 
tated. No trace of iridium was found in the filtrates from the third 
precipitation of the titanium, nor in the solutions of the third precipi. 
tates themselves. 

The filtrates from the hydrolytic precipitations of the iridium were 
likewise tested. A small amount of iridium, not exceeding 0.1 me. 
was found in the filtrates from Nos. 66-54 and 67-55. 

The chemical examination of the recovered iridium for traces o{ 
rhodium is extremely difficult, as no sensitive test for rhodium js 
known. From the fact that rhodium was found to be completely 
precipitated by titanous chloride from pure solutions of rhodium and 
from the fact that the quantities of rhodium recovered from actual 
separation were identical with the quantities taken, it is reasonable 
to conclude that no significant amount of rhodium contaminated the 
recovered iridium. 

The chemical examination of the separated rhodium for traces o/ 
iridium is simple because a sensitive test for iridium exists. 4 
quantity of iridium, 0.1 to 0.2 mg, is sufficient to give a greenish cas 
to the yellow solution of rhodium in concentrated sulphuric acid. 
Since no iridium was detected either in the solutions of the rhodium 
which had been precipitated twice by titanous chloride or in the 
filtrates from the hydrogen sulphide precipitation of the rhodium, it 
was concluded that the recovered rhodium was not contaminated by 
iridium. 


V. DISCUSSION OF THE METHOD 


In the early experiments on the separation of rhodium from iridium 
the first precipitation was made from solutions of rhodium and 
iridium chlorides in diluted sulphuric acid (5+95) at room tempers- 
ture. A considerable excess of titanous chloride was added and the 
solutions were filtered after definite periods of time. The precipitated 
metal was finely divided and partially passed through the filters. li 
was very difficult to observe the filtrates for escaped metal because 
of the intense color of the reagent. The large excess of titanous 
chloride appeared to cause the deposition of too great a proportion o! 
the iridium. The deposition of iridium was even more pronounced 
when the solutions were heated in an attempt to coagulate the precip 
tates. Inasmuch as reprecipitation of the rhodium had to be made 
from a solution of the metal sulphatesin diluted sulphuric acid, because 
of the method used to redissolve the precipitate, the first precipitation 
was also made from a similar solution in the later experiments. Whe 
both precipitations were made from a boiling solution of the metal 
sulphates and only a very slight excess of titanous chloride was added, 
it was found that the second precipitation of the rhodium completely 
eliminated the last trace of iridium. . 

Although the other four platinum metals must be absent at this 
stage of the general analysis, it was, nevertheless, desirable to know 
how they behaved toward titanous chloride. The reagent was added 
to solutions containing approximately 50 mg of each metal in 100 nl 
of diluted hydrochloric acid (5+95) at room temperature. Palladium 
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appeared to be precipitated immediately and platinum almost 
/ immediately. The brown color of ruthenium chloride was changed 
' to deep blue, but no precipitation occurred when the solution was 
F allowed to stand for one week. No precipitation occurred with a 


solution of chloroosmic acid even when it was allowed to stand for 


' three weeks. 


When solutions of rhodium, or of rhodium and iridium, are heated 
to heavy vapors of sulphuric acid, precaution must be taken to prevent 


' the formation of insoluble compounds by local superheating. The 


formation of such compounds is easily avoided by keeping the hot 
sulphuric acid solution in constant motion. 
The essential feature which makes the scheme proposed by Wada 


» and Nakazono workable is a method by which the precipitated 


rhodium can be redissolved. A few comments regarding the technic 
of the operation appear worthy of emphasis. An Erlenmeyer flask 
should be used in preference to a beaker or to a Kjeldahl flask. 
With a beaker, there is danger of mechanical loss of material, partic- 
ularly at the danger of mechanical loss of material, particularly at the 
stage where the last traces of moisture are being eliminated. The 
drops of condensed steam on the under side of the cover glass fall 
into the hot sulphuric acid and cause violent spattering. With a 
Kjeldahl flask, it is extremely difficult to wipe down the particles 
of undissolved metal from the walls. If this latter precaution is 
not observed, the results for the recoveries of rhodium will invariably 
be low by amounts up to about 1 mg. 

The metallic rhodium, obtained in the second precipitation with 
titanous chloride, must not be ignited directly because it is always 
contaminated by silica, introduced through the titanous chloride 
and possibly from the glassware, and by a small amount of titanium. 
Consequently, the rhodium is again dissolved and precipitated by 
hydrogen sulphide. It was not found possible to precipitate the 
rhodium completely by hydrogen sulphide from solutions of the 
metal sulphate in sulphuric acid. This same difficulty has often been 


observed in this laboratory with solutions prepared by dissolving the 


product of bisulphate fusions of rhodium. A solution of the rhodium 
can be prepared, however, by adding diluted hydrochloric acid 
|+2), equal to three times the volume of the concentrated sulphuric 
acid solution, and boiling it. The yellow color of the sulphate 
solution then changes to rose red, which is the same as the character- 
istic color of rhodium chloride. No difficulty attends the precipita- 
tion of rhodium from the solution so treated. 

The determination of rhodium and of iridium can be greatly 
simplified and the titanium precipitations avoided if the solution 
can be divided conveniently into aliquot parts. Incidental experi- 
ments showed that rhodium is completely precipitated as an olive- 
green hydrated dioxide at pH 6 when bromate is present. Since 
iridium is precipated quantitatively under the very same conditions, 
the two can be precipitated together and finally recovered as a 
metallic mixture. In addition, rhodium must be determined sepa- 
rately on a different portion by precipitation with titanous chloride 
in the manner described in the recommended procedure. 
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The method which has been described in this paper is designed 
for the separation of rhodium from iridium and for the determination 
of these metals when other elements are absent. It will constitute 
a part of a general scheme for the analysis of the platinum group and 
will follow the procedures for the separation of osmium, ruthenium, 
platinum, and palladium. 


WasHINGTON, July 11, 1932. 





THE ISOELECTRIC POINT OF SILK 
By Milton Harris ! 


ABSTRACT 


Suspensions of silk in buffer solutions of different pH were prepared by grind- 
ing the dry silk fibroin to a fine powder and shaking it in the buffer solution. 

Colloidal solutions of silk were prepared by dissolving the silk fibroin in a 50 
per cent lithium bromide solution and dialyzing it to remove the salt. To the 
solutions were added known buffer mixtures and a small amount of purified quartz 
powder. 
| Electrophoretic measurements of the suspensions of silk and of the dissolved 
silk adsorbed on the quartz particles gave an isoelectric point at pH 2.5. 


CONTENTS 


I. Introduction_—_____.- 
IJ. Procedure.......- 
III. Discussion of results 
[V. Acknowledgment - - - 


I. INTRODUCTION 


A colloidal (or other) particle is said to be at its isoelectric point 
when the particle is electrically neutral with respect to its surround- 
ing medium. This point is usually defined in terms of some property 
such as the pH of the medium. For an amphoteric substance the 
acidic and basic ionizations are equal at this point. 

The most direct method of determining the isoelectric point is to 
define the conditions under which the particles do not move in an 
electric field. Such movement is called electrophoresis. 

Electrical mobility measurements have been used in the deter- 
mination of the isoelectric point of wool.’ It is the purpose of this 
paper to present similar measurements of silk. 

Satisfactory suspensions of wool could only be prepared mechani- 
cally; that is, by grinding the wool to a fine powder, whereas silk 
may be readily prepared in suspensions and in colloidal solution.’ 
Abramson* has shown that when quartz particles are suspended in 
dilute protein solutions, the protein is absorbed on the surface of the 
quartz particle, and the latter assumes the electrokinetic properties 
of the protein. This suggested a method for determining the iso- 
electric point of the dissolved silk. 


II. PROCEDURE 


The electrophoresis apparatus and methods used in this work were 
the same as used in the determination of the isoelectric point of wool.° 





' Research associate representing the American Association of Textile Chemists and Colorists. 
’M. Harris, The Isoelectric Point of Wool, B. 8. Jour. Research vol. 8, pp. 779-786, 1932. 

. M. Harris and T. B. Johnson, Study of Silk Fibroin in the Dispersed State, Ind. & Eng. Chem., vol. 
2, p. 965, 1930. 

‘H. A. Abramson, The Adsorption of Serum Proteins by Quartz and Paraffin Oil, J. Gen. Physiol., 
vol. 13, pp. 169-177, 1929. 


See footnote 2. 
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‘The silk was purified as follows: A sample of raw China silk was 
boiled successively in three }5 per cent solutions of soap for 2 
minutes each. It was then washed with distilled water, dilute 
ammonia, dilute hydrochloric acid, and finally repeatedly with dis. 
tilled water, at 60° C. It was then air dried for 24 hours. 

One portion of the purified silk was ground in a Wiley mill. The 
size of the silk particles varied from 5» to 30 wu. A small amount of 
the ground silk was shaken vigorously with distilled water, and the 
larger particles allowed to settle. The upper portion was carefully 
decanted and used for one set of measurements. ) 

A second portion of approximately 5 g of the silk was dissolved in 
50 ml of a 50 per cent solution of lithium bromide at about 80° (. 
The solution was diluted to 200 ml, treated with a few drops of 
toluene to prevent bacterial action and dialyzed in a cellophane bag 
against distilled water until it gave no test for LiBr. Approximately 
20 ml of the resultant solution of silk was diluted to 200 ml and the 
purified quartz particles described below were added. The silkcoated 
quartz thus obtained was used for the second set of measurements. 

Quartz particles (size range 5 » to 20 w) were purified as described 
by Abramson.® Crude quartz powder was heated with a cleaning 
solution consisting of concentrated sulphuric acid saturated with 
sodium dichromate and diluted with water, for about 30 minutes, 
The particles were allowed to settle and the excess acid carefully 
decanted. <A large amount of distilled water was added and the 
quartz suspension was filtered. The powder was washed with dis- 
tilled water and then boiled with an excess of normal hydrochlori 
acid and allowed to settle. It was again filtered and washed with 
water for 48 hours. 

In making the suspension to be studied, a very small amount of the 
quartz powder was added to the silk solution, which made it faintly 
cloudy. 

Portions of each of these suspensions were mixed with equal vol- 
umes of the following buffer mixtures’ with double the usual con- 
centrations: pH 1.4 to 2.2, potassium chloride-hydrochloric acid 
mixture; pH 2.4 to 3.8, acid potassium phthalate-hydrochloric acid 
mixture; pH 4.0 to 6.0, acid potassium phthalate-sodium hydroxide 
mixtures. 


III. DISCUSSION OF RESULTS 


The mobilities of the particles recorded in the following table are 
the averages calculated from 10 observations. 


TABLE 1.—HElectrophoretic mobility of silk (relative velocity) 


; i eae | | 
la | Dissolved |) la | Dissolved | 
oe silk+ || pH | oo: | silk-f- 

: |} quartz ? } quartz 
| | 





| —0.36 | 
| —. 58 | 
| —.82 
| 1,27 


| 
} 1.40 } 
| | 


6 See footnote 4, p. 557. P 
7M. Clark, The Determination of Hydrogen Ions, pp. 106-107, Williams & Wilkins Co, 
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' ‘These data are shown in graphical form in Figure 1. The isoelectric 
S point of silk obtained from the pH-mobility curve is pH 2.5. This 
‘value is in good agreement with the values obtained by Hawley and 
' Johnson * and by Harris and Johnson ® but not in agreement with 
' those obtained by Meunier and Rey * and Denham and Brash. 

' Hawley and Johnson employed a U tube electrophoresis cell and 
' obtained values in the range from pH 1.4 to 2.8. Since the diameter 
' of the cell was comparatively large, diffusion and convection currents 
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Ficure 1.—pH-mobility: curve for silk 


made'it difficult to detect small changes in protein concentration in 
the anode and cathode regions. 

Harris and Johnson prepared solutions of silk fibroin by dissolving 
the degummed silk in concentrated aqueous solutions of lithium 
bromide and calcium thiocyanate. From solubility and viscosity 
' Measurements, values ranging from pH 2.1 to pH 2.4 were obtained. 





T. G. Hawley and T. B. Johnson, The Isoelectric Point of Silk Fibroin, Ind. & Eng. Chem., vol. 22, 
pp. 297-299, 1930. 
| M. Harris and T. B. Johnson, Study of the Fibroin from Silk in the Isoelectric Region, Ind. & Eng. 
Chem., vol. 22, pp. 539-542, 1930. i 
" . Meunier and G. Rey, Determination du point isoelectrique de la laine et de la soie, Compt. rend, 
vol. 184, p, 285, 1927, 
|. W. Denham and W. Brash, The Isoelectric Point of Silk Fibroin, J. Textile Inst., vol. 18, p. 1520-525, 
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Meunier and Rey reported an isoelectric point for silk at pH 42 
Their results were based on the swelling of the fiber in solutions of 
varying hydrogen ion concentration. The curve which they obtained 
is flat in the region from about pH 3 to pH 6 and shows no well defined 
point of minimum swelling. 

Denham and Brash studied the combination of acidic and basic 
radicals with the silk fibroin when the latter was placed in solutions of 
acids, bases, and salts. They, too, were unable to obtain a definit: 
isoelectric point and concluded from their experiments that it lie 
between pH 3.6 and pH 4.0. However, there is ample evidence to 
show that the combination of proteins with positive and negative 
ions is not a true measure of the isoelectric point. The isoelectric 
point is a point of minimum and not zero ionization. Consequently 
the protein will combine with both positive and negative ions within 
a certain range on both sides of the isoelectric point. 

The low isoelectric point of silk shows it to be one of the most acid 
proteins known. This is in accordance with some of the properties 
of silk. Meunier and Rey ” found silk to contain only 7 parts o! 
amino nitrogen per 10,000. The pronounced affinity of silk for basic 
dyestuffs is further confirmation of the predominance of its acidi 
nature. 

The shape of the pH-mobility curve is of interest, and shows that 
the acidic and basic properties are less pronounced than those of wool.’ 
Any changes with pH which occur near the isoelectric point are onl 
gradual. This accounts for the large isoelectric range obtained by 
workers who have used less sensitive methods. 
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12 See footnote 10, p. 559. 
13 See footnote 2, p. 557. 
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ons of J THE RADIATION EMITTED BY AN X-RAY TUBE 
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it hes By Lauriston S. Taylor, G. Singer, and C. F. Stoneburner 
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ectne Fe ABSTRACT 

ently PA previous study ! suggested a parallelism between the applied effective volt- 

rithin HB age and the emission of an X-ray tube. The investigation has been carried 

further under more carefully controlled conditions. It is found for two mechani- 
; acid cal rectifiers and one ‘‘constant potential’’ generator that the X-ray emission 
sec per effective (root-mean-square) milliampere of tube current is about the same 
erties * for all generators operating at the same effective (r. m.s.) voltage (the radiation 
‘ts of HB passing through the same filter in all cases). Thus it becomes possible to express 
Pe a I I 


all radiations in terms of that excited by constant potential. This leads to a 

cidi simplification in the description and reproduction of irradiation conditions in 
biological work. Although the study has been limited to three generators, it is 

h believed that they are sufficiently typical to warrant generalization. 
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I. INTRODUCTION 


In a recent study the energy emitted by an X-ray tube, as meas- 
ured by an ionization chamber, was found to be very different when 
excited by different types of high voltage generators furnishing the 
same average tube current and peak voltage (as measured by a 
sphere gap). But it was further found that for the same average cur- 
rents and the same effective voltage * of the generators, the emission, 
as measured by the ionization chamber, is approximately the same. 

The total énergy in an X-ray spectrum devoid of characteristic 
lines varies as the square of the instantaneous applied voltage, and 
hence for a known voltage wave form the total energy and its wave- 
length distribution, for the period of a complete cycle, is calculable. 
Because of the presence of tungsten line radiation about 70 kv, it is 
not yet practicable to predict the total X-ray energy by integrating 
over one cycle of the voltage wave. In the present work the X-ray 
emission per unit tube current, as it varies with peak voltage, with 
average voltage, and with effective voltage per unit tube current is 
given for more carefully controlled and wider ranges of conditions. 
This is expressed in terms of the X-ray emission per milliampere. 





‘L. S. Taylor and K. L, Tucker, B. S. Jour. Research, vol. 9 (R P 475), p. 333, 1932. 
? Effective voltage is mathematically the same as root-mean-square (r. m. s.) voltage. 
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II. APPARATUS 


Thus far three generators have been used, designated by A, B, anj 
C as in the preceding work.’ A is a full wave mechanical rectifie 
having a single high tension transformer, and rectifying over approx. 
imately 30 degrees of cycle; B is also a full wave mechanical rectifier 
but with a divided high tension transformer (two transformers in a sin. 
gle tank), and rectifying over approximately 20 degrees of the cycle 
C is a valve-tube-condenser ripple potential * generator (so-called 
“constant potential”) having a ripplage of about 2 per cent per 
milliampere. The three generators could be interchangeably con. 
connected to the same X-ray tube. 
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Figure 1.—Apparatus showing voltage and current measuring equipment 


1. CURRENT MEASUREMENTS 


The arrangement of the apparatus is indicated in Figure 1. Aver- 
age current through the tube is measured in the usual manner by ad.¢ 
milliammeter A; and the effective current by an a. c. milliammeter, 
B. For this purpose a thermo milliammeter alone was available 
This was protected from high-frequency oscillations by iron cor 
chokes, L, having a d. c. resistance of a fraction of an ohm; a nonil- 
ductive resistor, 7, of about 10,000 ohms, and a 1/20 uf capacitor, ( 


3 See footnote 1, p. 561. 

‘ The term ‘‘constant potential’’ has been used loosely to describe the potential supplied by kenotroD 
of other valve tube rectification. A more accurate designation of a voltage which is not constant in fact 
but fluctuates slightly about a certain average value is ‘‘ripple voltage.’’ Thus by a ‘‘ripple quantity 
(potential or current) is meant a simple periodic quantity y= Vo+ Vi sin (wr+an)+ V2 sin (2wz+a2)-+ - 
in which the constant term (Vo) is so large that all values of the quantity are positive (or negative). Th 
amount of ripple (‘‘ripplage’’ or ‘‘ripplance’’) in a ripple quantity is the ratio of the difference betweeD 
the maximum and minimum values of the quantity to the average value. These definitions are unde! 
consideration by the Committee on Electrical Definitions of the American Standards Association unde! 
the sponsorship of the A. I. E. E. 
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since the resistance of the meter, B, was only about 20 ohms, this 
‘shunt system served as a very effective filter against high-fr equency 
oscillations in the high- tension system, without affecting the sensi- 
tivity. 

j Excessive high-frequence y. oscillation when using the mechanical 
P rectifiers caused diflic ‘ulty in peak-voltage measurements with the 
"sphere gap, but this was largely eliminated by placing two 1/2 
megohm inductively wound surge resistors, 2, immediately next : 
the rectifier switches, giving smoother operation of the equipment 
>and more consistent peak voltage measurements. After raising the 
generator voltage sufficiently to compensate for the potential ‘drop 
across the resistors, it was found that their presence did not alter the 
tube output in any way. 

With generator CO, the same resistors were used for the purpose of 
limiting the current in case of slight tube gassing or when using a 
| sphere gap for measuring the voltage. It was found that they raised 
F very materially the voltage limit at which a given tube would operate 
S satisfactorily. 
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2. VOLTAGE MEASUREMENTS 





Peak voltage of all three generators was measured by the gap 
between 12.5 em spheres, protected by a water resistance r;, of the 
order of 5 megohms to prevent heavy arcing at the gap and conse- 
quent tripping of circuit breakers. 

Average voltage was measured by means of a d. c. microameter, 
E, in a series with a shielded high voltage resistor of 150 mehohms,*® 
the meter being at the center of the resistance so as to be at or near 
cround potential.® 

Effective voltage was measured by means of a 150-volt calibrated 
Kelvin multicellular electrostatic voltmeter, D, shunted across a 
resistance, 7,, of 75,000 ohms. Since its potential was likely to be 

' different from ground, it was necessary to shield it by a metal case 
having the same potential as one of its terminals. 

It should be stated here that the insertion of the high-voltage 
resistor, R, across the line has no noticeable influence upon the opera- 
tion of the high-tension generators because the current it shunts off 
is very small. This fact is of course essential, since a wave form 
very different from that under normal operating conditions may 
otherwise result. 















3. RADIATION MEASUREMENTS 





The X-ray emission was measured by means of a thimble chamber, 
kept in a fixed position with respect to the tube throughout the study. 
The beam was in all cases filtered by 0.525 mm of copper, the wall 
effect of the chamber being negligible for the transmitted radiation. 

No other determination of radiation quality was undertaken, as 
the previous study’ indicated what was to be expected under ‘the 
operating conditions employed here, namely, all beams having the 
same effective voltage and filtration and giving equal intensities 
have approximately the same quality (whether expressed in the half- 

value layer of copper, copper absorption coefficient, or effective 
wave length). 



















5L. 8. Taylor, B. S. Jour. Research, vol. 5 5 (RP217), p. 609, 1930. 

‘The v oltage on the high-tension conductors is seldom divided e ually above and below ground poten- 
tial, although the error in measurement introduced by grounding the resistor at the center is very small. 
'L. 8. Taylor and K. L. Tucker. See footnote 1, p. 561. 
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III. EXPERIMENTAL RESULTS 






In this study, to eliminate the effect of variation in operation, 
simultaneous values were obtained for (1) average current, (2) effective 



































































current, (3) peak voltage, (4) average voltage, (5) effective voltage, the 
and (6) X-ray tube output for a constant filteration of 0.525 mm of && 2 t 
copper, the average current (the quantity measured in practice per 
serving as independent variable. ave 
In Figure 2, groups A and B show the tube emission, expressed J kilo 
in terms of the ionization current per average milliampere (I/ma I 
(average)), as a function of peak voltage for generators A and B, var 
respectively, and for different tube currents, 2, 3,4, and 5 ma. With vol 
generator B it is seen that for a given peak voltage, the value of I/ma && at ! 
(average) varies from 10 to 15 per cent in changing the operating 
ee ee ee 5 ie P's eee oe Te) Pe) 7 2 
20 
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Figure 2.—Relationship between X-ray tube emission per average milliampere, P 
and the applied peak voltage si 
A, B, mechanical rectifiers; C, constant potential. I 
er P ren 
tube current by 1 mA. This is not unexpected since the generator @ ;), 
wave form depends to a large extent upon the power drawn from the & oy, 
generator. It is obvious from these curves that it may be very & vy, 
misleading to attempt to deduce the emission of an X-ray tube from & 5,4 
current and peak voltages alone. For generator A, I/ma (average) @ .,) 
varies erratically with peak voltage under different operating currents. I 
Figure 2, curve C in both groups is from generator C (“‘constant # gop 
potential’’) for a tube current of 4ma. Since the peak voltage of this am 
generator does not vary appreciably with tube current (average 
voltage being kept constant), a single curve embodies the results. pre. 
It is seen that for the same peak voltage there is a large difference “es 
between the X-ray emission of generator C (curve () on the one @ [3 
hand and that of generators A and B (curves A and B) on the other. sin, 
To obtain the same X-ray emission from generators A and B as from & po, 
generator C, the peak voltage of A and B must be very much large! I 






than that of C, depending upon the operating current. as { 
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If, for the same radiations plotted in Figure 2, we plot instead the 
ionization per average milliampere against the average voltage, cor- 
responding curves, A, B, and C in Figure 3 are obtained. It will be 
noted that I/ma (average) again varies with the tube current. In 
the case of generator A the values of J/ma (average) vary from about 
2 to 8 per cent in changing the operating current by 1 ma. This 
percentage change becomes smaller, however, in going to higher 
average voltages, whereas, when the potential is measured in peak 
kilovolts, the changes become larger at higher voltages. 

In the case of generator B the same general results obtain. The 
variation of J/ma (average) with tube current at a given —— 
voltage is, however, much greater at lower potential than for A while 
at higher potentials it is about the same. 
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FiaurE 3.—Relationship between X-ray tube emission per average milliampere, 
and the applied average voltage 


A, B, mechanical rectifiers; C, constant potential. 


It is seen that, while the curves for A and B differ with tube cur- 
rent, they all lie in the region of curve C (dashed) as contrasted two 
the corresponding curves of Figure 2 for peak voltages. Thus, if the 
current and voltage for all three generators be measured in terms of 
average milliamperes and average kilovolts (that is, by using d. c. 
instruments), the tube emission per milliampere is in i cso of the 
same order of magnitude. 

Using effective milliamperes and effective kilovolts, curves for 
generators A, B, and C for the X-ray emission per effective milli- 
ampere are given in Figure 4. 

It should be pointed out that for the comparatively small ripplage 
present in the voltage of generator C, the difference between the 
average and effective voltage is so small that it may be neglected. 
Likewise their variation with tube current is negligible; hence, a 
single curve for Z/ma (effective) gives a satisfactory basis of com- 
parison. 

In the case of generator A the change in emission per milliampere, 
as the operating current is varied, is present and somewhat erratic as 
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in the case of the peak voltage curves. The percentage change, hoy. 
ever, is the least of the three cases given. Similarly in the case oj 
generator B the change is present, but again to the least degree. 

Of prime importance, however, is the fact that the curves (fig. 4) 
for both generators A and B lie very closely along the curve for cop. 
stant potential—much more closely at the higher voltages than thos 
in Figure 3 for average current and voltage measurements. It is con. 
cluded that, for equal effective X-ray tube currents and equal effec. 
tive voltages, the emission per milliampere will be sufficiently nea 
the same with all three generators, for the effective current and volt. 
age to be used as characteristic of the X-ray emission. 

Since the emission per milliampere for all strictly constant potential 
generators is the same, it is logical that it be referred to as a base, 
By means, then, of the effective current and effective voltage mea- 
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Figure 4.—Relationship between X-ray tube emission per effective milliampere, 
and the applied effective voltage 


A, B, mechanical rectifiers; broken line curve, constant potential. 


surements described, it is possible to relate consistently the X-ray 
emission excited by the various types of generators. 

It is possible to trace the residual variation in X-ray emission per 
milliampere at lower voltages with the operating current, largely to 
the current-voltage characteristics of the X-ray tube. This wil 
account also for the divergence from the constant potential base line. 
Figure 5 shows, for various applied constant potentials, the tube cur- 
rent curves for three values of the filament current, J, It is seen 
that, since the tube current is still increasing about 5 per cent per 3 
kilovolts at 120 kilovolts, saturation is not attained. Consequently, 
with the application of a varying voltage to the tube, the effective cur- 
rent is bound to depend upon the voltage wave form to a varying 
degree. 

This is illustrated in Figure 6 where curves a and b are two bypo- 
thetical tube current characteristics, the second of which is ideal 
that it reaches saturation at a comparatively low voltage. Curves 
D, E, and F represent three types of generator voltage wave form 
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p having the same effective voltage, e, which, when applied to tubes 
having characteristics a and 6, produc e the tube current wave forms 
‘a’ and b’, respectively, for eac +h associated voltage wave. In each of 
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Fiaure 5.—Tube current—tube voltage characteristics 


the cases it is seen that the effecitve current 7, for tube characteristic 
«is lower than the effective current 7, for characteristic 6. Moreover, 

the magnitude of this difference depends upon the generator voltage 
wave form as shown. 
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FiaurE 6.—Effect of tube characteristic and generator wave form on the effective 
tube current 


To compare the explanation above with the results found, we note 
that the experimentally determined tube characteristics in Fi igure 5 
ure similar to @ in — 6; hence, the tube current measured in 

137718—32 
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effective amperes is less than it would have been had the tube reached 
saturation at as low voltage as for characteristic }. 

In Figure 4 the emission per effective milliampere—which is plotted 
against effective kilovolts—would accordingly have been less with an 
ideal characteristic such as 6. In other words, the curves plotted 
— have fallen more nearly along the constant potential curve (. 
(Fig. 4.) 

To show the relationship between peak and effective kilovolts for 
different tube currents, the curves A and B in Figure 7 were obtained 
for the correspondingly designated generators. The straight dashed 
lines in each set of curves represent the ratio of peak to effective 
voltage (kv (peak)=1.41 kv (effective)) for a sine wave. It is seen 
that there is no simple relationship between the two voltage measure- 
ments as in the case of a sine wave. 
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Figure 7.—Relationship between peak and effective kilovolts for two mechanical 
rectifiers 


Such a set of curves is very useful when interpreting the behavior 
of a particular generator under different conditions. This was dem- 
onstrated in some earlier work * when comparing the output of gen- 
erators A and B. 

The curves also furnish some inference as to the generator wave 
form, particularly above the point where the tube current character- 
istic plays an important réle. Thus, where the points lie below the 
line kv (peak) = 1.41 kv (effective), they indicate a flat-topped voltage 
wave form relative to a sine wave; where they lie above that line, a 
relatively narrow or peaked wave form is indicated. These relations, 
though only qualitative, are of help in properly adjusting the phase 
position of the switches on a mechanical rectifier for optimum X-ray 
tube emission. 





§ See Figure 16 with explanation in paper by L. 8. Taylor and K. L. Tucker. (See footnote 1, p. 561.) 
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Stonebur ner 
IV. DISCUSSION 


There has been considerable confusion in interpreting the physical 
| magnitudes involved in the therapeutic use of high-voltage X rays. 
The greatest single factor contributing to this confusion has been the 
voltage measurement, since it has been sometimes assumed that a 
| given X-ray tube, activated by the same voltage (by sphere gap meas- 
urement) and passing equal average currents, should yield the same 
X-ray emission for. all similar generators. We have shown here, 
however, that the emission may differ by +20 per cent under sup- 
posedly like conditions. 

Although a difference existing between mechanical and constant 
potential rectifiers has been generally recognized, there has been 
uncertainty as to any exact relationship between them, with the result 
that few attempts have been made to correlate treatment factors for 
the two machines. There has been even a belief that the radiation of 
one could not be clinically reproduced by the other. The experiments 
described here show that both generators may be made to produce the 
' same emission (as far as may be deduced from absorption measure- 
ments in copper or paraffin) when the tube potentials are properly 
adjusted. 

The present study has been limited thus far to mechanical and 
“constant potential”’ rectifiers. While it is believed by some that 
mechanical rectifiers will probably be displaced by valve-tube recti- 
fiers, the study is of no less value, since with the great variety of 
valve-tube circuits in use there is an equal variety of voltage wave 
forms produced, none of which may be readily correlated as far as 
they affect the X-ray output of a tube. For example, in addition to 
“constant potential’? there will be half-wave, full-wave, and poly- 
phase rectifiers and voltage doubling circuits, such as the La Tour and 
Villard systems. In some of these the wave form depends upon load 
to a greater extent than in others and, as a consequence, measure- 
ments of peak voltage alone will lead to similar discordance now 
encountered in mechanical rectifiers. 

This study reveals that, when the generator potential is measured 
in effective kilovolts, the X-ray emission of a tube is equivalent to 
that produced by very nearly the same constant potential. It is thus 
possible to express the emission in terms of that obtainable from a 
' constant potential source. 

Expressing tube potential in effective kilovolts simplifies the method 
of expressing radiation quality. For example, when describing radia- 
| tion quality in terms of the “‘half-value layer of copper’ it is recog- 
nized as necessary to also state the voltage. However, as voltages 
are now measured, even this is inadequate due to the effect of wave 
form. To correctly indicate quality by the usual absorption methods, 
the effective voltage should be stated—not the peak voltage. 

The cordial cooperation of the Radiological Research Institute and 
of the American X-ray equipment manufacturers in this work has 
| been very helpful. 


WasHINGTON, June 17, 1932. 
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COLUMN CURVES AND STRESS-STRAIN DIAGRAMS 
By William R. Osgood 


ABSTRACT 


The only important column formula which rests on a strictly theoretical basis 
» is the Considére-Engesser formula, which includes the Euler formula as a special 
case. Attempts have been made to underpin by a general theoretical foundation 
| other essentially empirical formulas, notably the Rankine formula; but these at- 
» iempts have not been successful. It would be very satisfying, however, if these 
' empirical formulas could be shown to be reasonable special forms of the Considére- 
| Engesser formula. Any column formula for centrally loaded columns is a special 
‘case of the Considére-Engesser formula provided the compressive stress-strain 
‘diagram has a certain definite shape. The present paper examines a few of the 
commonest types of empirical formulas and determines the shape of the stress- 
‘strain diagram in each case which makes them compatible with the Considére- 
» Engesser theory. 


The only column formula which rests on a strictly theoretical basis 
and which at the same time is of practical importance, in the sense 


‘that tests confirm the theory, is the Considére-Engesser formula,' 
' which includes the Euler formula as a special case. Attempts have 
‘been made to underpin by a general theoretical foundation other 
formulas, essentially empirical, notably the Rankine formula; but no 
‘successful attempt has yet been made. It would be very satisfying, 
; however, if these empirical formulas could be shown to be reasonable 
‘special forms of the Considére-Engesser formula. Any column for- 
mula for centrally loaded columns is a special case of the Considére- 
'Engesser formula, provided the compressive stress-strain diagram of 
the material has a certain definite shape. It is the purpose of the 
| present paper to examine a few of the commonest empirical formulas 
» and to determine the necessary shape of the stress-strain diagram in 
order that these formulas may be compatible with the Considére- 
| Engesser theory. A somewhat similar investigation has been carried 
/out by P. M. Frandsen,? but he refers the empirical formulas back to 
the Engesser formula.® 


' Developed in 1889 and the years following by A. Considére, Fr. Engesser, and F. Jasinski; re-presented 

: independently by Theo. v. Karm4n, Mitteilungen iiber Forschungsarbeiten, Verein deutscher Ingenieure, 

“¥ o? Berlin, Julius Springer, 1910, and by R. V. Southwell, Engineering, vol. 94, p. 249, London, Aug. 
3, 1912, 





’Den Teknisk Forenings Tidsskrift, Hafte 19, p. 139, Copenhagen, Sept. 15, 1920. 
‘ Zeitschrift des hannoverischen Architekten- und Ingenieur-Verein, vol. 35, p. 455, 1889. 
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The following notation will be used: 


P=the load on the column at failure by buckling. 
A=the cross-sectional area of the column. 


on es the average normal stress on the cross section at failyy 


=the ‘‘free length” of the column, the distance between ty 
successive points of inflection of the center line. 

i= the least radius of inertia or radius of gyration of the crs 

section of the column, measured parallel to the plane 

bending. 

E=the modulus of elasticity of the material of the column. 

E’ =the ‘‘tangent modulus” at the stress o; that is, EZ’ is th 

slope of the compressive stress-strain diagram at th 

stress o. 


E’l, + EI, 


aesny where J; is the moment of inertia about the ax: 


E- 





of average stress of the part of the cross-sectional am 
which suffers an increase of stress at the instant of failuy 
of the column, J; is the moment of inertia about the ayi 
of average stress of the part of the cross-sectional ary 
which suffers a dec rease of stress at the instant of failure, 
the column, and J = A?? is the moment of inertia of the toty 
cross-sectional area of the column about the gravity axi 
perpendicular to the plane of bending; the position of the 
axis of average stress is defined by the relation Es 
= ES, where S; and S; are the statical moments abou 
the axis of average stress, respectively, of the two part 
of the cross-sectional area just mentioned in connection 
with J, and Jp. 

e= the strain due to the stress o. 

o,=the short-column strength of the material, to be taken « 
the yield point in the case of ductile materials. (% 
Appendix IT.) 


€ 





e= . 
oy 


0 


§ —- 


ou 
o,=the stress above which Euler’s formula ceases to appli 
strictly the proportional limit of the material, but prt 
tically likely to be considerably above the actual propor 
tional limit. 


ATSIVE 


C,, Cr, constants. 


The assumptions underlying the Considére-Engesser theory # 
that the material is homogeneous, cross sections remain plane, thi 
stress-strain relation for increasing strain is the same as that given |! 
the stress-strain diagram, the stress-strain relation for decreas 
strain is given by a line parallel to the tangent to the stress-stri! 
diagram at the origin, the axis of the column is straight, the cr 
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ection of the column is uniform throughout the free length, and the 
Joading is axial. 

The Considére- Engesser formula may be written 
te 


a0) 


n order that any empirical formula expressible as 


=f(o) 


x 


. ' l 
vive the same relation between o and ; as the Considére-Engesser 


Hormula, we must have 
2 
a (l 
A :) (3) 


4 _ ; , 
where . is given by (2). The stress-strain diagram must satisfy this 


quation. 

Eis a function not only of the slope of the stress-strain diagram at 
N«,c) but also of the shape of the cross section, and no general reduc- 
tion of equation (3) is possible. Fortunately, however, the effect of 
Mhe shape of the cross section on the value of E does not vary greatly 
dor cross sections ordinarily used which have an axis of symmetry 

erpendicular to the plane of bending.* It can be shown that EF is 
iller for the idealized H section (negligible web, flanges thin com- 
pared to distance between them) with the plane of ‘bending normal to 
Mthe flanges than for any other section with the symmetry just men- 
tioned. Consequently, if # for the H section is used, equation (1) 
Pwill give results on the safe side for all sy mmetrical sections, and 
equation (3) may be reduced with the assurance that the results 
p tained represent limiting values for such sections. The value of # 
Hor the idealized H section is ® 


_ 2EE’ 
b= yk (4) 


Which, substituted in equation (3), with B=, gives 


T 2 
oO = 
(Vy mao ai (5) 
a do 7 
hind this is the equation of the stress-strain curve if equation (2) is 
sto ) represent a theoretically possible column formula. 





‘See Appendix I. 
' Karman (see footnote 1, p. 571). 
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; é rte : , l 
Instead of integrating equation (5) for various functions + =f (,) 
4 . \ ‘) 


it is preferable for comparative purposes to introduce the nondi.- 
mensional variables ° 
Ee o 11 
e=—,e= y= — = [ou 
Cy Cx wT 4 E 


In terms of these quantities equations (1) and (5) become 
1E 


and 


where in the latter equation ) is a given function of s; (7) is the equa- 
tion of a curve obtained from the column curve by dividing the aver- 


y J 


age stresses by o, and the slenderness ratios by x J El and 


Cz 


(8) is the equation of a curve obtained from the stress-strain curve 
by dividing the stresses by o, and the strains by B . 
In the Euler range, for which EF = E, equation (7) reduces to 


1 
“> 
and equation (8) becomes, with the use of equations (6) 


sS=e (10 


For values of s above s,; that is, above the Euler range, for a con- 
tinuous stress-strain diagram the solution of (8) becomes 


(11) 


The reduced stress-strain diagram represented by equations (10 
and (11) will now be considered for some empirical column formulas. 

The parabolic or hyperbolic type of formula.—A common type 0! 
formula is one of the form 


C= Cy E ‘ead node (12 
y 1 I+ 5 
C.= nn” 2 (=t5) "3 


If 


n 


the curve represented by (12)is tangent to the Euler curve at o= mam he 


Tad 








6 The first of these has been used by K. Hohenemser (Zeitschrift fiir rane Mathematik und 


Mechanik, vol. 11, p. 15, February, 1931), the second has been used several times before and is obvious, a0 
the third has been used by L. B. Tuckerman, the late S. N. Petrenko, and C. D. Johnson (National 
Advisory Committee for Aeronautics, Technical Note No. 307, W ashington, D. Cd. 





0sgood 


Wit! 
tion 


q whi 


rep! 
aiff 


— Column Curves and Stress-Strain Diagrams 075 


With this value of C,, in terms of the variables defined by (6), equa- 
ition (12) becomes 


2 n \i+% P 
cede’ me 7 (13) 
; m i 
iwhich applies for at =sZ1. Figure 1 shows the curves 
Te 
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Figure 1.—Reduced column curves of several ty pes 


represented by equation (9) (marked Euler) and equation (13) for 
ciiferent values of n. Equation (13) solved for gives 


\1 /n+2\ 141 1 
1-(5) (22) aos ay 


n 
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and substitution of this eeu in fore (11) gives finally 


” 2 +2 (7 _ 2 ; 


oli—e)s 





for values of s from 5 to 1, inclusive. For s less than or equal to 


&,= equation (10) applies. 


=T3 





1.0 


og 





ae 
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Figure 2.—Reduced compressive stress-strain diagrams corresponding to 
the column curves of Figure 1 


Figure 2 shows the curves represented by equation (10) (marked 
Euler) and equation (15) for different values of n. 
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1 : ; 
The case »=5 represents a column formula which experience has 


‘shown to be suitable for brittle materials like cast iron. (See fig. 1.) 
Equation (15) becomes 


512 (* ds 
= 3195 Jaa ta fas) 


which reduces to 


0.1688 | sa taq at 
é= 160 3(1—s) 2(i—s)?1-s' 


; oe —_—" 
applicable for = SsS1. (See fig. 2.) 


| The case n=1 represents a column formula suitable for common 
orade wood. (See fig. 1.) Equation (15) becomes 


8 ds P 
ema atop 843 cra) 
» which reduces to 

8 1 , 
e= = ( — +log a )- s+0.4276 
2i\l—s l=>e 
oe ‘ , 
§ applicable for 3 Sssl. (See fig. 2.) 


The case n=2 represents a column formula suitable for ductile 
‘materials like mild steel. (See fig. 1.) Equation (15) becomes 


an ds . 
ecg he tetera ated 20 
2Jies(—8) (20) 


' which reduces to 


e=}log7*-s+1 (21) 


‘applicable for ap sSl. (See fig. 2.) 


< a 


| The case n=4. represents a column formula suitable for hard 
materials like hard steel. (See fig. 1.) Equation (15) becomes 


4/3 (* ds 4 
eek een. eee ae 
| which reduces to 
_4y3) 1-yl=s_ Q47 


9 
' applicable for; Sss1. (See fig. 2.) 
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The Rankine formula.—The Rankine formula 


u 
oT (24 
l + Ce ( a ) 


Be si ae : 
has been used for all values of ; with Cp= aR” in which case the eury 


represented by (24) approsches | tangency to the Euler curve at infinity 
With this value of Cr, in terms of the variables defined by (6 
equation (24) becomes 


ait we 
§= ‘ (2; 


8 


and substitution of this expression in equation (11) gives 


-2f' ds, 
e> eer 


or ' 
e= —2 log (l—s)-—s (27 


which solved for \ gives 





for values of s from 0 to 1, inclusive. 

The curves represented by equations (25) and (27) are shown in 
Figures 1 and 2, respectively. 

‘Appendix III shows an American Bridge Co. reduced straight-lin 
column curve and the corresponding reduced stress-strain diagram 

All of the curves in Figure 2 except the curve marked n= 4 (equatio1 
(23)) approach the horizontal line s=1 asymptotically. The curv 
ir Be n=4 has a horizontal tangent at e= 1.347, s=1. A compar: 
son of the curves of Figure 1 with the corr esponding curves of Ky: 
ure 2 shows the type of compressive stress-strain diagram which 
necessary in any particular case in order that a given column curv 
may represent accurately the strength of columns. The shapes of t! 
reduced stress-strain diagrams are all reasonable except for high val: 
ues of s and possibly in the case of the Rankine formula. The shap 
of the diagram for high values of s is relatively unimportant, however 
since the corresponding portion of the column curve lies in the regio! 
of “‘short columns,’ and such columns do not usually fail by buc Kling 
[t is doubtful whether any structural material weil show a reducel 
compressive stress-strain diagram like that required for the Rankin 
formula. 

Viewed in another way, any (reduced) compressive stress-strall 
diagram in Figure 2 will yield the (reduced) column curve corr esponding 
to it in Figure az therefore, the short-column strength, o,, of tht 
material is such that, or can be defined (Appendix III) so that, the 
(reduced) compressive stress-strain diagr am fits a curve of Figure ? 
the column strength of the material will ‘be given by the corr esponding 
curve of Figure 1. It will frequently be possible by a suitable choi 
of o, to obtain good agreement between the actual (reduced) cov 
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E pressive stress-strain diagram and one of the curves of Figure 2 up 
‘to some limiting value of s, beyond which the agreement will not be 
‘cood. In that case the corresponding curve of Figure 1 will represent 
(4 [the column strength up to the same value of s. Thus, if representa- 
Itive compressive stress-strain diagrams of a material are available, 
it may be possible to draw the corresponding column curve without 
Fiests. This method is not to be recommended to the exclusion of 
curve tests, however, particularly not if the agreement between the actual 
(reduced) compressive stress-strain diagram and a curve of Figure 2 
his not extremely good. 
' The author wishes to express his indebtedness to Dr. Walter 
' Ramberg, of the engineering mechanics section, Bureau of Standards, 
»: fe for checking the equations. 


nity, 
(fh 


APPENDIX I 


' 7 
Figure 3 shows the variation of - with 7 for a number of different 

cross sections, as listed on the figure. The curves for the thin cir- 
‘cular-ring section (thickness negligible in comparison with the 
'diameter) and the solid circular section are plotted from formulas 
eby R. V. Southwell.’ 

The formula for the rectangular section is given by T. v. Karman,® 
(end the six points for the I section are taken from a graph by 
‘“" @ W. Gehler.2 The two curves for the thin T section (thickness of the 

web and the flange negligible in comparison with their lengths) have 


» been worked out by the author. 
It may be noted that the curve for an unsymmetrical section may 
| lie considerably below the curve for the idealized H section, and the 


-line 

ral. Fug - ; E £E’ = So hes ‘ 

tion lower limit for such sections is the curve an Oe (Fig. 3.) Conse- 

urve i a ie 

par fe quently, Frandsen’s treatment © may be considered as applying 

Kye & Unmodified to unsymmetrical sections. 

hoe 

th q APPENDIX II 

ul ¥ 

“In interpreting column tests of ductile materials it is of some 

ia importance how o, is defined. If o,, is defined as the stress determined 

ve @® by the intersection of the stress-strain curve with a line through the 

cr} ()! am. . , . . ‘ 

to Porigin having a slope al’ (0<a<1), the experimental points when 

lle plotted as a \, s-diagram are likely to lie more nearly on a smooth 

‘in ‘curve than otherwise. Under ideal conditions of test (perfectly 

vi''® straight specimens, perfect centering, etc.) if different materials 

nin having affine stress-strain diagrams are tested, and if o, is determined 

hat | us outlined, all points d,s will lie on one and the same curve. In 
> 5 ye 

"i - ' 5 2 

the tests made at the Bureau of Standards the values a=>5 and a= 5 have 
‘el 9 3 


| ‘Southwell (see footnote 1, p. 571.) 
ling Karmén (see footnote 1, p. 571.) 
olce oar roceedings of the Second International Congress for Applied Mechanics, p. 366, Zurich, Sept. 12-17, 
19, 
” See foot note 2, p. 571. 
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Figure 3.— Variation of 4 with : for various shapes of cross section 
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(a) Reduced column curve 
(0) Reduced stress-strain dhagran 
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Fiaure 4.—Reduced American Bridge Co. column curve and corresponding 
reduced compressive stress-strain diagram 
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been found to give satisfactory results for chromium-molybdenuy 
steel and duralumin columns, respectively. 

By adjusting the value of a, it may be possible to fit the actu 
(reduced) compressive stress-strain diagram rather closely to one of 
the curves of Figure 2 up to a sufficiently high value of s to include 
all except short columns, 


APPENDIX III 

It may be of interest to compare a specification column curve 
with the stress-strain diagram which would make the curve a theo. 
retically correct one. The American Bridge Co. curve given by the 
following equations has been chosen for this purpose (units are in 


pounds per square inch): 


¢,= 13,000 for 0s “< 60, 


l 
o, = 19,000 100 : for 60<==120, (28 





l 
a, = 18,000 50 4 for 120s.-=200, 
i 


where o, is the allowable average stress. These equations become, 


: ? F 0 1. 
respectively, in terms of \ and s, if we assume i ) (001168, 





~ 8450 
s=l1, 
i9 2 + foal 
“737g * for lBs= 75 99 
y) Ler A 3 
: a np le ee. 
s=1—-7-d for 75 =8= 75 


The reduced stress-strain diagram is represented by the following 
equations: 





s=] 
169 1 8 7 
: ee =f rr —s- 913- : | =s= 
C= aR “B + log i9 s+0.09134+C for l=s= 78 - 
19 * ae | 
Te ee ee 
¢ nt ss log; = 2 s+C for i3—=*=13 


where the constant of integration C is arbitrary. 
Equations (29) and (30) are represented graphically in Figure 4. 


WASHINGTON, July 14, 1932. 
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